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I) IDENTIFICATION OF THE TASK

This work originated as an unsolicited proposal No. JSC6-82-7994,
submitted July 23, 1982, to study the physiological responses of
women to bedrest. This proposal was funded during years 1 and 2
(1982-83) under contract # NAS9-16703. At this point the contract was
renegotiated because of a NASA budget reallocation. The work during
year 3 was performed under contract number NAS9-17199. In June 1985
an extension was granted without further funding.

II) PURPOSE AND SCOPE OF THE STUDY

With the development of the space shuttle program, space flight for
the first time is available to individuals who have not beén
specially selected and trained to be astronauts. In addition, women
are being actively recruited into the space program, both as mission
specialists and as career astronauts. One purpose of this project
was to examine some of the physiological responses of women to a
simulated weightlessness program (l2-day horizontal bedrest), to
compare their responses to those reported in men during similar
programs, and to test whether menstrual function might alter some of
the physiological changes which occur during bedrest, specifically
changes in the plasma volume, exercise tolerance, and venous
compliance before and after bedrest, Specific hypotheses tested
include:

1) that an elevation in blood estrogens might be associated with a
retention of body fluids, and thus reduce the hypovolemia seen during
bedrest. It was predicted that a smaller reduction of plasma volume
would occur during bedrest when a woman is in a stage of her
menstrual cycle when estrogens are elevated. Further, the use of
estrogen-containing oral contraceptives may prevent or reduce the
decrease in plasma volume seen during the first several days of
bedrest. The body fluid-retaining effect of estrogens was postulated
to occur through an increase in sodium reabsorption in the distil and
collecting tubules. Therefore urine output would be predicted to be
lower during bedrest when estrogens are elevated, than when estrogens
are lower.

2) that the reduction in plasma volume which occurs during bedrest
contributes significantly to.the reduced exercise tolerance reported
following bedrest. Therefore, if the loss of plasma volume during
bedrest could be prevented (through an effect of elevated estrogens),
then exercise tolerance following bedrest should be significantly
improved over results seen when plasma volume is decreased. Specific
exercise responses postulated to be influenced by the decrease in
plasma volume during bedrest included exercise heart rate, stroke
volume, body temperature regulation, sweat rate, and venous
compliance.

Specific questions which arose during the study include:

1) Is there a significant danger of lower leg edema occurring in
women (not previously reported in men) following bedrest .
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2) Based on the changes in plasma volume seen in women with normal
menstrual cycles (not on oral contraceptives) and in two women who
took oral contraceptives, it appeared that elevation in estrogen
concentration in the presence of high progesterone, did not
consistently result in retention of plasma volume during bedrest.
However when blood estrogens were elevated in the presence of low
progesterone, the data suggested that there was at least a temporary
maintenance of plasma volume. Therefore the original hypothesis that
elevated estrogens would retain plasma volume was revised to now
state that, women administered natural estrogens (premarin) during
bedrest without progesterone supplement, may maintain their plasma
volume during bedrest.

Physiological questions which have not been previously addressed
include: )

1) What specific changes occur in exercise thermoregulatory
responses following bedrest? It was hypothesized that there would be
a decrease in sweating sensitivity (slope of the sweat rate/core
temperature (Tes) relationship), and possibly an upward shift in the
Tes sweating threshold.

2) Would the exercise venoconstrictor reflex be attenuated (by a
loss of sympathetic nervous system responsiveness) or potentiated (by
the decrease in plasma volume) following bedrest? A loss of
venoconstrictor tone could contribute significantly to the "
orthostatic intolerance reported in astronauts following spaceflight.

3) It has often been hypothesized that estrogens are involved in
the lower sweating responses seen in women than in men. The effects
of elevated estrogens to alter the sweating sensitivity (the slope of
the sweat rate/core temperature relationship) and sweating core
temperature threshold was examined in 7 women with and without
premarin administration (1.25 mg daily) for 7-10 days. It was
hypothesized that estrogen administration would reduce sweating
responses, resulting in significantly higher body temperatures for a
given exercise task.

111) MATERIALS AND METHODS .

A) The overall protocol

The study was performed during three years, in which all data
collection was performed in the summer months (late May to early
September) because of the increased likelihood of recruiting subjects
in these months. A total of 22 women between 21 and 39 years of age
participated (see Table 1 for their physical characteristics).

i) Year 1

During the first summer (1982), six "normally cycling" women
completed the protocol shown in Figure 1. The overall protocol

consisted of a control month with testing at two week intervals (Cl
and C2), two 12-day periods of bedrest, and a recovery month after
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TABLE 1: SURJERCT CHARACTERISTICS

' Age Height Weight VO Non- Oral

Year 1

1 39 175 57.8 33.2 X
2 25 170 54.4 7.1 X
3 26 170 52.5 34.7 X
4 21 170 56.3 44 .4 X
5 33 180 73.9 28.4 X
6 21 168 59.4 40.1 X
x 28 172 59.1 36.3
sb 7 4 7.7 5.6
Year 2
1 21 173 57.3 42,5 X
2 27 165 76.1 28.5 X
3 23 177 66.7 36.7 X
4 26 161 50.6 45.8 X
5 24 166 59.6 36.8 X
6 36 170 61.2 41.7 X
x T 26 169 61.9 38.7
sD 5 6 8.7 6.1
Year 3
1 26 170 - 72.4 30.8 X
2 24 160 - 46.6 28.3 X
3 24 180 67.0 28.4 X
4 28 169 56.5 44 .6 X
5 23 168 56.6 44.7 X
6 21 171 69.8 43.6 X
7 33 174 70.6 40.1 X
x 26 170 62.7 37.2
sD 4 6 9.8 1.7
* A 27 170 68.6 27.2 X
** B 25 167 64.7 26.9 X
** C 21 165 56.1 36.0 X
* the subject during year 1 who performed only a single bedrest because of

leg swelling.

**  the subjects during year 2 who performed only a single bedrest and who took
oral contraceptives.
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each bedrest, with testing performed after 2 and 4 weeks of recovery.
Before beginning the study, there were several training sessions in
which each woman was taught the Farhi CO2 rebreathing technique, how
to position the esophageal thermocouple, and how to pedal a low-sit
cycle ergometer while keeping the left arm steady enough for forearm
blood flow measurements. Once these basic techniques were mastered,
"practice" submaximal exercise tests were performed to further
familiarize the subjects with the protocols, and to insure that they
were sufficiently trained to produce reproducible data.

Two 12-day horizontal bedrest periods were performed with an
ambulatory interval of from 3-4 weeks between bedrests. This timing
was chosen so that each woman began the second bedrest 5-6 weeks
after the start of the first bedrest. Since all of the women were
expected to have menstrual cycles of from 25-32 days, the bedrest
procedures were designed so that each woman would begin bedrest in
different phases of the menstrual cycle, and thus should have a
differing hormonal millieu. No attempt was made to begin the bedrest
at a particular day or phase of the menstrual cycle. Table 2 presents
the menstrual cycle stage (see methods) for each of the women on the
first day of bedrest. During the recovery and control months,
subjects resumed their normal lifestyle.

One additional subject began the bedrest protocol during the first
year of this study. However, within 2-4 days after the end of bedrest
+ 1, she developed severe edema in both lower legs. She was tested
with the venous impedance technique for venous obstruction (blood
clotting), and the results were negative. A report of this incident
was immediately sent to the Committee of Human Volunteers of the
School of Public Health, and all further testing was stopped until an
inquest could be held to determine whether this event was likely to
occur again or in other subjects. During this interval, 2 week
recovery data collection was not able to be obtained. The inquest
resolved that this was an unusual event, possibly provoked by the
inactivity of this particular subject after bedrest, which may have
delayed the recovery of venous tone in her lower legs, resulting in
blood pooling and edema. Although the committee thought it unlikely
that a similar incident would occur again to this subject, it was
recommended that she should not undergo the second scheduled bedrest.
Permission to continue the study with the other subjects was obtained
in time for the 4 week recovery collections and the start of bedrest
2. (see appendix 1 for copies of correspondence with the Committee of
Human Volunteers about this incident).

ii) Year 2

Six additional "normally cycling" women were recruited during the
summer of 1983, Each woman performed the protocol illustrated in
Figure 1 except that, 1) in order to randomize the presentation of
the control tests and to evaluate possible seasonal fluctuations, the
control month was perfomed before the start of bedrest 1, rather than
after the end of the second recovery month, and 2) since no
significant differences were seen between the duplicate maximum
oxygen consumptions (VO2max) during the control month, Cl and C2 V02
max tests were omitted. '




TABLE 2: MENSTRUAL CYCLE 'STAGE OF SUBJECTS AT IHE START OF BEDREST

Subject Bedrest 1 Bedrest 2

Non-Premarin Group

1 1 3

2 1 2

3 3 3 (NO)
4 1 3

5 3 2

6 4 3

7 3 3

8 2 3 (LD)
9 1 3

10 1 3

11 4 1

12 2 (LD) 3 (D) -

where stage 1 = early follicular (cycle days 2 - 6, prior to

estimated ovulation)

stage 2 = periovular (5 days prior to estimated ovulation to 1
day after estimated ovulation)

stage 3 = early luteal (2-9 days post estimated ovulation)

stage 4 = late luteal (10 days past estimated ovulation to

cycle day 1 of next cycle).

LD = luteal phase deficiency suspected from hormonal
results.

NO = No ovulation suspected based on hormonal results.




Two women were recruited who were taking estrogen-containing oral
contraceptives (Ovulen 21 or Orthonovum). Both of these women
performed the protocols from the control month, a single bedrest, and
the recovery month.

iii) Year 3

During the last year of the study, 7 women performed the protocol
from the control month, a single bedrest, and the recovery month.
Similar to year 2, the control month occurred before the bedrest
procedure rather than after the recovery month. Each woman ingested
1.25 mg of an estrogen supplement (premarin), starting on the third
cycle day of the month in which she would undergo the bedrest
protocol (7-10 days before bedrest day 1). The premarin was
continued during the bedrest, and for five days after bedrest.
Progesterone supplements (10 mg /day Provera) were taken for 5 days,
starting on the second day after bedrest in order to allow normal
endometrial sloughing. A single blood volume determination (with
technetium radioisotope labelling) was performed during the control
month, since no significant differences were seen in any of the
previous results of the duplicate measurements during the control
month. This was done to prevent unnecessary exposure of these
subjects to repeated radioisotope testing.

B) The Bedrest Protocol
i) The environment

Bedrests were performed at the Sheraton Johns Hopkins Inn located
at 400 North Broadway. Each summer, 4 rooms were reserved for
subjects (2 subjects per room), and one room was reserved for the
"nurses" (persons trained and hired to look after the subjects during
the bedrests), and one room was the impromptue blood chemistry
laboratory. During the second and third summers, a sixth room was
reserved and tranformed into a pulmonary function laboratory. The
hotel provided maid service and most of the meals. Occasionally food
was obtained from local restaurants chosen by the subjects. No
restriction was placed on the amount or type of food eaten, although
alcoholic beverages were restricted.

Each room consisted of 2 single beds and a bathroom. The beds were
normal hotel beds, except that a small pressure-sensitive platform
was placed under the castors at the foot of the bed. These pressure
sensors were connected to automatic timers to record the time spent
out-of-bed by each subject. Each morning the accumulative time for
the previous 24 hours was recorded by the nurse. The installation of
the platforms resulted in a 4 degree head-down tilt of the beds.
However, since each bed contained one pillow, when the subject lay
with her head on the pillow, her head was positioned approximately
horizontal to her feet.

ii) Daily activities
On the first day of bedrest, a subject ate a light breakfast and
reported to the nurse at the hotel at 9 am. She unpacked her
suitcase, emptied her bladder and immediately began the bedrest. One
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hour later, the first venous blood sample was obtained. Subjects
maintained the horizontal position for the remainder of the bedrest,
except for time allowed for bathroom activities. Subjects moved to
and from the bathroom in wheelchairs, without supporting their weight
on their feet. Baths, not showers were taken, and each subject was
instructed to spend no more than 15-20 minutes in each 24-hour period
in the sitting position, and no time standing. Sitting in bed was
not permitted, although they were allowed to rest on one elbow to
eat., The amount of time spent out-of-bed during each bedrest is
listed in Table 3. No significant differences occured in the time
out-of-bed between bedrest days (ANOVA, one-way, repeated measures
design), between duplicate bedrests during years 1 and 2, (ANOVA,
2-way, repeated measures design) or between the 3 years.

For each succeeding day of bedrest, the subject was awoken at 7 am.
She then took her oral temperature, emptied her bladder into a
24-hour urine container (second and third years), and ate a light
breakfast. Two hours later, the morning blood sample was obtained,
making sure that the subject had been horizontal during the previous
60 minutes, In this way, blood samples were controlled for posture,
time since last food intake, and circadian variation.

During the second and third years of the study, pulmonary function
tests were added to the bedrest protocol. Each subject performed
these tests on at least 3 days before bedrest, on each day of
bedrest, and on the day after bedrest. Subjects were transported to
the pulmonary function room on a gurney, in order to insure. that the
subjects did not alter their posture from the horizontal position.

iii) Measurements obtained during bedrests

From each daily blood sample the following measurements were
obtained: hematocrit (microhematocrit technique), hemoglobin
concentration (cyanomethemoglobin), total solids (refractometry), and
plasma osmolality (freezing point depression). Plasma estrogen and
progesterone concentrations were determined from the blood samples on
each day of bedrest during year 2, and on every third day of bedrest
during year 3. Throughout the bedrests, urine osmolality was
determined each day of bedrest. Twenty-four hour urine volumes were
recorded during years 2 and 3.

Daily diaries were kept during the entire study. Each subject
recorded her fluid and food intake during bedrest, her morning oral
temperature, and the time at which she took estrogen medication (the
oral contraceptive users and premarin subjects). Other medication
and medical or menstrual symptoms also were noted.

Pulmonary function tests consisted of lung volume measurements,
total lung capacity (helium dilution), forced expiratory volumes,
lung diffusing capacity for carbon monoxide, the slope of phase 3
(Nitrogen washout), and maximal inspiratory and expiratory pressures.

An exploratory study was performed on one subject during the third
year to determine whether brain caudate D2 dopamine receptors would
be altered during the bedrest procedure (this was a special study to
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BEDREST IIMER DATA
minutes/24 hours non-horizontal

TABLE 3:

(mesn t SD) No.

DAY or

11

10

NON-PREMAIN

Year 1

BRlI (n=6)

BR2 (n=6)

Year 2

BR1 (n=6)

BR2 (n=6)

PREMARIN

BRl (n=7)

ORAL CONTRA-~

CEPTIVE USER

—BEDRESTS

BRl (n=2)
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test whether acute changes in fitness alters the binding of caudate
dopamine receptors). Dopamine receptor binding was assessed by
positron emission tomography (Wong et al, 1984), with imaging
performed after intravenous injection of 11C-labelled
3-N-methylspiperone. The prebedrest imaging was performed 2 days
prior to the start of bedrest in subject 19, and repeated on the last
day of bedrest. During imaging the subject did not change from the
horizontal position. She was transported by ambulance to the Nuclear
Medicine Department in the Johns Hopkins Hospital, and immediately
afterwards, performed the postbedrest submaximal exercise test.

C) Maximum Oxygen Consumption (VO2 max) Protocol

Maximal Oxygen Consumption determination was performed
approximately every two weeks during the study (C2 tests were not
performed during years 2 and 3). _
Prebedrest tests (PREBR) were performed within 48 hours of the start
of bedrest, and postbedrest tests (POSTBR) were performed within 48
hours, but usually within 24 hours, after bedrest.

Oxygen consumption was determined at progressively increasing
exercise intensities for each woman pedalling an upright cycle
ergometer. Ventilation was measured in either a tissot tank (year 1)
or with a dry gas meter (years 2 and 3). The oxygen concentration of
the expired air was measured with a Beckman OM 11 gas analyzer, and
CO2 concentration with either a Beckman LB2 (year 1) or an Applied
Electrochemistry C02 Analyzer (years 2 and 3). Each subject pedalled
at a rate of 50 revolutions per minute while the exercise intensity
was increased (in 25 Watt steps) every 2 minutes. For the first VO2
max determination, tests were performed at least in duplicate (on
separate days) in an effort to obtain a plateau of the oxygen
consumption curve during the final two exercise intensities. Control
tests were repeated until this criteria was met in order to
accurately establish the fitness level of each subject before
bedrest. Following bedrest however, the plateau criteria could
seldom be met, as most women seemed limited by leg fatigue before
attaining the plateau. Non-plateau values are therefore referred to
as "peak V02" values. Heart rates were also measured during these
tests with either a 12-lead EKG system (for the first test on each
subject), or with a respironics heart rate monitor (for all further
tests). :

D Submaximal Exercise Protocol

Submaximal exercise tests were performed in approximately 2 week
intervals during this study (except when the 2 week recovery data was
missed during year 1). The postbedrest tests were performed
immediately following the bedrest procedure. Subjects were
transported in wheelchairs and by car (less than 5 minute ride) from
their bed in the hotel to the Stress Physiology Laboratory in the
School of Public Health, The ambient temperature for these tests was
maintained at 30 °C + 1°C, and 50-60 % rh. Before the submaximal
exercise test, subjects supported their weight only briefly, during
the pre-exercise body weighing procedure, Next, they sat in the seat
of the low-sit cycle ergometer for at least 40 minutes before the
start of the exercise test to control posture before blood sampling,
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and to allow time for attachment of measurement devices.

Each subject pedalled for 30 minutes at an exercise intensity that
was 702 of her V02 max determined just prior to the bedrest.
However, exercise was stopped earlier if a subject's core temperature
exceeded 39°, or if her heart rate approached 95% of her maximal
heart rate value, which was determined during the prebedrest V02 max
test. For any given subject, all exercise tests were conducted at the
same time of day (4 2 hours), not more often than once a week (to
avoid training or acclimation effects), at least 2 hours after a
light meal, and about 1 hour after drinking 200 ml of water to assure
adequate hydration.

During the first two years of the study, subjects were instructed
to stop pedalling immediately at the end of the submaximal exercise
test in order to obtain resting recovery data. Following the
postbedrest tests (but none of the other tests), 7 out of 15 of the
women felt faint and had to be moved to a horizontal position (two
actually fainted). Thereafter, to avoid this traumatic experience for
the subjects and investigators, subjects were instructed to
free-pedal during recovery in order to assist cardiac return. During
the third year of the study, all subjects free-pedalled after

During each submaximal exercise test the following measurements
were obtained:

-~ exercise time, in minutes, was recorded for each test.

~ body weight, before and immediately after exercise, was measured
with the subject wearing a dry scrub suit. After exercise, the
subject dried herself and removed all wet clothing. Weights were
obtained on a Homs scale (accuracy i 50 gms) and were adjusted for
any water drunk while placing the esophageal thermocouple.

- heart rate (HR) was measured each minute with a respironics heart
rate monitor

- body core temperature (Tes) was monitored continuously with a
thermocouple positioned in the esophagus at the level of the right
atrium (Wenger, 1975).

- skin temperatures (Tsk) were recorded every 5 minutes with
uncovered thermistors (Yellow Springs) postioned over the chest (T1),
lateral upper arm (T2), lateral thigh (T3), and lateral calf (T4).
Mean skin temperature (Tsk) was calculated by the formula:

- forearm venous compliance (FVC) was measured every 2-3 minutes
using the technique of venous occlusion plethysmography (Wenger,
1980). Changes in forearm circumference were measured using a Whitney
mercury-in-silastic strain gauge. The forearm was suspended from the
wrist with a cloth sling so that the elbow was level with the
shoulder..




- cardiac output was determined after 10, 15, 20,and 25 minutes of
exercise, using the Fahri CO2 rebreathing technique (Farhi, 1976).
The rebreathing bag was filled with 100% 02, and the breathing rate
was maintained at 60 breaths per minute during the 15-17 seconds of
the rebreathing maneuver. Calculations of cardiac output were
performed using the CO2 dissociation curve adjusted for the
pre-rebreathing hemoglobin concentration. Heart rates were
determined during the rebreathing maneuver and used to calculate
stroke volume,

-local sweating responses (SR) were measured continuously before and
during exercise, using a resistance hygrometry sweating system
(Bullard, 1962). For determination of sweating sensitivity (slope of
the SR/Tes relationship) and the Tes threshold for the onset of
sweating, the local sweating data (mg/cm2/min) was paired with
corresponding Tes values. A linear regression equation was used to
determine the slope of the relationship, and the Tes value at which
the line intersected the x axis (Tes sweating threshold).

- blood samples were obtained immediately before the start of
exercise, after 2, 6, 15, 20, and 30 minutes of exercise, and 5
minutes after the end of exercise. Blood was drawn after at least 40
minutes of controlled posture, with the arm in the same position for
all samples, and in a free-flowing manner (without tourniquet or
vacutainer). Between sampling, the butterfly needle was kept patent
with a heparin/saline lock. X

From all blood samples, determinations of hematocrit
(microhematocrit technique), hemoglobin concentration
(cyanomethemoglobin), total solids (refractometry), and osmolality
(freezing point depression) were obtained. From the resting and 30
minute exercise samples, blood lactate (Sigma enzymatic reaction),
and arginine vasopressin concentration (third year only) were
determined. The arginine vasopressin assay was used as an index of
antidiuretic activity, and was performed using an immunonuclear
radioimmunoassay kit. This is a delayed tracer technique with the
plasma extraction done on octadecasilyl-silica columns. The assay is
sensitive from 3-80 pg/ml. From the resting samples, plasma estrogen
and progesterone concentrations were also determined with
radioimmunoassay techniques (Diagnostic Products).

E) Red Cell and Plasma Volume Determinations

1) Radioisotope dilutioﬁ methods

To determine Red Cell Volume (RCV), 40 microcurries of 99M
technetium (Tc) pertechnitate (Brookhaven National Laboratory) was
bound to a sample of red blood cells after first determining the
background radiation of the sample. Exactly 5 ml of the labelled
blood was then reinjected intravenously and allowed to mix in the
vascular compartment for 20 and 40 minutes. Then 10 ml samples of
heparinized blood were drawn to measure the 99MTc activity of the
mixed blood.

Plasma volume was determined in a similar manner. Twenty
microcurries of 99M Technetium pertechnitate was used to label a
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sample of human serum albumin and saline. This protein solution was
then injected through an arm vein and 20 and 40 minutes later, blood
samples were drawn for counting. Technetium was chosen as the
radioisotope in both of the above tests because of its short
half-life (6 hours), and the need for multiple blood volume
determinations in this study. During each RCV determination,
hematocrits were measured from one of the blood samples in the exact
manner that hematocrits were determined from bedrest and exercise
blood samples.

2) Plasma Volume (PV) calculations during bedrest

The Absolute Plasma Volume on the first day of bedrest was
calculated by multiplying the ratio of the hematocrits from the blood
sample drawn during the plasma volume determination (performed on the
day prior to bedrest) and the blood sample drawn during day 1 of the
bedrest, by the PV determined on the day prior to bedrest (Van
Beaumont, 1972). The assumptions made using this formula are that,
within the 24-hour interval between the two blood samples, there was
no. significant change in red cell volume or red cell size.

Relative changes in plasma volume during bedrest (% change from
day 1) were caiculated from the changes in hematocrit and hemoglobin
(Dill and Costill, 1974), The assumption with this calculation is
that in the interval between blood sampling, there was no significant
change in red cell volume (see later in results section). PV on each
day of bedrest was calculated by multiplying the relative changes in
plasma volume by the PV on day l.

3) Relative Changes in Plasma Volume During the Submaximal
Exercise Tests

Relative changes in plasma volume during exercise tests (Z change
between the resting and each succeeding exercise sample), were
calculated (Dill and Costill, 1974) from the changes in hematocrit
and hemoglobin concentration during the exercise.

F) Menstrual Cycle Determinations

Menstrual cycle data consisted of daily records of morning
temperature and comments written in diaries kept by each subject. 1In
addition, blood samples were drawn at various intervals during the
study to assess hormonal function (estrogen, progesterone, LH, and
FSH). Each year of the study, samples were drawn before each
submaximal exercise test. Hormonal determinations were also performed
during either each day of bedrest (year 2) or every third day of
bedrest (year 3). From the frequency of the blood sampling (and thus
hormonal determinations), it was not always possible to define the
exact day of ovulation. Therefore menstrual cycle comparisons were
made by comparing different staqes of the cycle rather than on
specific cycle days. Each woman's menstrual cycle was divided into 4
stages, in which a differing hormonal milieu would be expected (and
in each case verified by the results from at least one blood sample).

Stage 1 : Early follicular stage - from cycle day 2 (day 1 = the
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first day of bleeding) until 6 days prior to the day estimated as
ovulation. (Only in a few subjects could the exact day of ovulation
be identified by an LH peak). In subjects in whom an LH peak was not
obtained, the day of ovulation was estimated by counting back 14 days
from the start of the next cycle, from the morning temperature
records, and from the hormonal data available. During this cycle
stage low estrogen and progesterone concentrations were seen,

Stage 2: Periovular stage - from 5 days prior to the estimated day of
ovulation until one day after the ovulatory day. During this stage,
elevated estrogens and low progesterone concentrations occurred.

Stage 3: Early luteal phase - from 2-9 days after the estimated day
of ovulation. During this stage, estrogen and progesterone
concentrations were increasing.

Stage 4 : Late luteal phase - from 10 days after the estimated day of

ovulation until the first day of the next cycle. During this stage
estrogen and progesterone concentrations were decreasing.
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IV) RESULTS AND COMMENTS

A) Body Fluid Responses During Bedrest

1) Changes in Red Cell Volume

The red cell volume data are presented in Table 4. Since there-
were no significant changes in body weights during the bedrest, the
same patterns of change in red cell responses were found whether the
data was represented as in Table 4 (absolute volumes in ml), or as
the RCV corrected for body weight (ml/kg). The F value from a one-way
analysis of variance test for repeated measures (ANOVA 1-W-RM) was
significant (P < 0,01) when comparing the RCV values from the
non-premarin group, but non-significant for the premarin group (P <
0.20).

i) Non-premarin group, Control 1 vs Control 2

There was no significant difference in RCV between the 2 Control
tests. (The post hoc comparisions were performed using the Duncan
Multiple Range Test, with the level of significance accepted at P <
0.05).

ii) Non-premarin group, Bedrest 1

Red tell volume (RCV) was measured with the technetium labelling
technique (Methods) within 48 hours before bedrest 1 and within 48
hours after the end of bedrest 1. The decrease in RCV averaged only
85 ml (5.8%) after the 12 days of bedrest. This difference was not
significant (P < 0.05).

iii) Non-premarin group, Bedrest 2

The decrease in RCV during the second bedrest averaged 63 ml, or
only 4.4%Z. Again this change in RCV during the 12-day bedrest was not
significant. However the decrease in RCV since the beginning of the
study appeared to be accumulative, so that the decrease in RCV
between the beginning of the first bedrest and the end of the second
bedrest was significant (p < 0.05) and averaged 6.2%. The difference
in RCV between the start of the first bedrest and the start of the
second bedrest was not significant.

iv) Premarin Group

Although there was a tendency for the RCV to decrease during the
bedrest (6.5 decrease), the difference between the beginning and end
of bedrest was not significant. A comparison of the changes in RCV
between the non-premarin and the premarin groups in response to
bedrest and during recovery can be seen in Figure 2, Estrogen
supplementation did not appear to alter this overall pattern of
changes in RCV,

v) Changes in RCV during recovery, non-premarin and premhrin
groups

The significant decrease in RCV seen in the non-premarin group
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TABLE 4: RED CELL YOLUMES

(m1/min)
Pre Post Pre Post
Subject BR1 BR1 BR2 BR2 2-WK 4-WK Cl c2
Non-Premarin Group
1 1407 1449 1435 1350 1358 1285 1418 1330
2 1303 1276 1331 1338 1170 1211 1226 1308
3 1317 1258 1304 1219 1116 1169 1153 1173
4 1489 1430 1393 1264 1272 1286 1303 1200
5 1694 1587 1506 1433 1488 1535 1407 1610
6 1305 1226 1225 1142 1177 1159 1147 1135
7 1371 1302 1445 1269 1250 1389 1445 1371
8 1531 1542 1688 1595 1440 1600 1432 1531
9 1724 1502 1512 1440 1452 1555 1550 1724
10 1469 1267 1361 1369 1269 1429 1352 1469
11 1359 1194 1432 1376 1221 1201 1459 1359
12 1719 1636 1700 1790 1571 1755 1517 1719
x 1474 1389 1444 1382 1315 1381 1367 1410
SE 44,50 42,38 39.40 47 .86 39.83 53.88 37.02 55.84
. . a
13 1764 1589 1271 1651
14 924 873 866 975
15 1423 1273 1352 1445
16 1318 1128 1181 1293
17 1081 1078 1295 1067
18 1464 1549 1436 1487
19 1305 1190 1344 1373
x 1325 1240 1249 1327
SE 95.02 89.71 65.23 83,21
A 1273 - 1412 -—— 1402 1440 1460
B 1290 1270 -—- 1275 1245 1290
c 1253 1341 1239 ——- - ——
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over the course of the duplicate bedrests, was still continuing after
2 weeks of recovery (RCV was now 10.8% lower than at the start of
bedrest 1). After 4 weeks of recovery however, the mean RCV was
beginning to return toward the prebedrest value. These results
suggest that there is about a 2-week delay in the effect of bedrest
to alter RCV, and that only after at least 4 weeks of recovery was:
the RCV no longer significantly different from the prebedrest value.

Although there were were no significant changes in RCV in the
premarin group between any of the measurement conditions, the pattern
of response was similar to the changes seen in the non-premarin group
(see Figure 2).

2) CHANGES IN PLASMA VOLUME DURING BEDREST

The absolute plasma volume values (PV) for all subjects during
bedrest are presented in Table 5. These absolute values were
calculated from the prebedrest technetium results and the ratio of
changes in hematocrit and hemoglobin concentration (see Methods).

i) Non-premarin group, Bedrest 1.

Plasma volume decreased significantly (P< 0.01) during the first
5-7 days of bedrest and then became relatively stable for the
remainder of the bedrest (see Figure 3). The average decrease in PV
was 505 ml (19,9%2) between the first and the last day of bedrest.

ii) Non-premarin group, Bedrest 2

The PV at the start of the second bedrest did not differ
significantly from the PV at the start of the first bedrest (Table
5). There was a tendency towards a smaller decrease in PV during the
second bedrest (averaged 12.3% between day 1 to the last day of
bedrest 2) than during the first bedrest (19.9Z). However, the
difference in plasma volumes between the duplicate bedrests was not
significant (P < 0.05, determined using a 2-way ANOVA, repeated
measures, split plot design, ANOVA-2W-RM-SP).

iii) Effect of menstrual cycle stage on the loss of PV during
bedrest

~ For the non-premarin group, the change in PV was examined in each
woman as a function of the stage of the menstrual cycle (see Methods)
during the first 5 days of bedrest. There were no significant
differences between the decreases in PV during cycle stages 1, 3, and
4., However, if a woman began bedrest in stage 2 of her menstrual
cycle, the periovular stage, the decrease in PV was postponed. There
was also a tendency for women in the late luteal phase of the cycle
(stage 4) to maintain or expand PV during the first 5 days of
bedrest, however this was a less consistent finding and was not
present in every subject. Shown in Figure 4 are the changes in PV for
the six women who began bedrest during year 1. The results shown
illustrate PV changes in 3 women who began bedrest in the second
menstrual stage (dotted lines), and 3 women who began bedrest in one
of the other stages (1,3, or 4), The women who began bedrest in
stage 2 showed no significant drop in PV during the first 4 days of

20
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Plasma Volumes During Bedrest
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FIGURE 3: Absolute plasma volumes (mean t SE) during bedrest
for the non-premarin group (NP) during bedrest 1 and the
premarin group (P).
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FIGURE 4: Relative changes in plasma volume during the first 5
days of bedrest for 6 subjects (non-premarin) who began bedrest
in either the perivular stage (stage 2) of the menstrual cycle,
or in a non-ovulatory stage (1,3, or 4).
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the bedrest, and in 2 cases, PV even increased above the day 1 PV
level. These results led us to revise our initial hypothesis that
elevated estrogen levels would be associated with a retention of PV
during bedrest., (Blood estrogens would be elevated during stages 3
and 4 as well as during stage 2). Our new hypothesis now stated
that, when blood estrogens are elevated in the presence of low
progesterone concentrations, the water-retaining effects of the
estrogens may, at least temporarily, prevent the hypovolemia which
occurs at the beginning of bedrest.

iv) Effect of estrogen-containing oral contraceptives on the PV
changes during bedrest.

During the second year of the study, 2 women who were taking oral
contraceptives containing synthetic estrogen (mestranol, 80 and 100
mcg/tab) and a progestin (norethindrone or ethynodiol diacetate),
performed a single bedrest procedure. The decreases in PV seen in
these 2 women (Table 5, subjects B and C), did not differ
significantly from the responses seen in the non-premarin group
(years 1 and 2). The decrease in PV between the first and last day of
bedrest was 20.8% and 12.5% for these two women respectively, with a
significant decrease in ’V during the first 4-5 days of bedrest.
These data suggest that elevations of blood estrogens in the presence
of elevated progesterone, may not be associated with a maintenance of
PV during bedrest. '

v) Effect of Premarin on the change in PV during bedrest

Figure 3 illustrates the mean change in PV from the 12
non-premarin subjects (bedrest 1 data) and the mean change in PV from
7 women who performed an identical bedrest protocol, except that they
ingested 1.25 mg/per day of premarin for 7-10 days before bedrest and
throughout the bedrest protocol. During the first 2 days of bedrest,
the PV decreased in the premarin group in a pattern similar to that
seen in the non-premarin group. During the 3rd to 5th day of
bedrest, PV remained relatively stable. Then between bedrest days
7-13 (except for day 11), the PV recovered and was not significantly
different from the PV of each woman on the first day of bedrest (P <
0.05, ANOVA-1W-RM, with the Duncan Multiple Range test to compare for
differences between bedrest days). '

vi) Changes in PV during recovery from bedrest

Plasma volume recovered to prebedrest levels within 24-48 hours in
most subjects. Figure 5 illustrates the mean PV i SE, measured with
the technetium-labelling technique. Plasma volumes were measured
within 48 hours before and 48 hours after bedrest (PREBR and POSTBR)
and after 2 and 4 weeks recovery from bedrest. Results are shown for
the 12 non-premarin subjects and the 7 premarin subjects.

For the non-premarin group, the F ratio determined from an
ANOVA-1W-RM was non-significant (P< 0.20), suggesting that the
decrease in PV which occurred during bedrest was completely restored
within 24-48 hours.

In the premarin group, the F ratio was significant (P <0.02).
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FIGURE 5: Absolute plasma volumes (mean + SE) determined with
the technetium labelling technique 24-48 hours before bedrest 1
(PRE BR); 24-48 hours after bedrest 1 (POST BR); and two and
four weeks after the end of bedrest (2 wk RC and 4 wk RC,
respectively) for subjects in the non-premarin group (n = 12)

and in the premarin group (n = 7).
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Further tests (Duncan Multiple Range), concluded that the PV 24-48
hours after bedrest and 2 weeks after bedrest, were significantly
greater than the PV before bedrest (P 0.05).

3) CHANGES IN BLOOD PROTEINS AND ELECTROLYTES DURING BEDREST

i) Non-premarin group, bedrest 1

Plasma osmolality increased significantly (P< 0.01) during bedrest
(see Figure 6) from an average bedrest day 1 value of 279 mosmol/kg,
to a highest average value of 287 mosmol/kg, which was measured on
the 7th day of bedrest. This increase in plasma osmolality occurred
in the presence of an average 187 net loss of total circulating
osmotically active particles (TCO) from the plasma in this same
interval (see Figure 7). TCO values were significantly lower (P <
0.05) than the first day of bedrest from the 3rd to the last day of
bedrest. :

The plasma total protein concentration increased significantly (P <
0.01) during bedrest (Figure 8). At the same time, there was an
average 137 net loss of total circulating protein content (TCP), as
seen in Figure 9. The above results suggest that during bedrest there
was a net loss of hypotonic, protein-poor fluid from the vascular
compartment.,

ii) Non-premarin group, bedrest 2
A similar increase in plasma osmolality (P < 0.01) occurred
during the second bedrest (Figure 6) and this increase was
accompanied by a significant (P <0.01) decrease in TCO, as seen in
Figure 7. The TCO were significantly reduced (Duncan Multiple Range
Test) below the values obtained on the first day of bedrest from the
second to the last bedrest day.

The plasma total protein concentration did not increase
significantly (P < 0.50) during the second bedrest (Figure 8), and
TCP decreased (average 11.1% decrease between day 1 and the last day
of bedrest) in a manner similar to that seen during the first bedrest
(Figure 9).

iii) Premarin Group

The mean plasma osmolality increased during bedrest in the
premarin group (Figure 10), but the difference was not significant (P
< 0.20). During bedrest days 2-5, there was a significant (P <0.01)
decrease in TCO, but by the end of the bedrest, the TCO value did not
differ significantly from the day 1 value (Figure 7).

The increase in plasma protein concentration during bedrest was not
significant (P < 0.50) in the premarin group (Figure 10), and a
transient decrease in the TCP occurred, with average values
significantly lower than the first day of bedrest on only the 4th and
5th days of bedrest (Figure 9). Thereafter, the TCP values recovered
to eventually exceed the day 1 mean value on the last bedrest day.

4) FLUID INTAKE AND OUTPUT DURING BEDREST
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FIGURE 6: Plasma osmolality (mean  SE) on each day of bedrest

for the non-premarin group (n = 12) during bedrest 1 (BR1) and
bedrest 2 (BR2),.
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FIGURE 7: Total Circulating Osmols (plasma water x osmolality)
mean + SE, for the non-premarin group (n = 12) during bedrest 1
(NP1) and bedrest 2 (NP2), and in the premarin group (n = 7)
during bedrest.
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FIGURE 8: Total protein concentration (mean + SE) during
bedrest for the non-premarin group (n = 12) during bedrest 1
(BR1) and bedrest 2 (BR2).
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FIGURE 9: Total circulating proteins (plasma volume x total
protein concentration), mean + SE, for the non-premarin group (n
= 12) during bedrest 1 (BR1) and bedrest 2 (BR2), and for the
premarin group (n = 7) during bedrest.
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FIGURE 10: Plasma osmolality (OSM, mean + SE) and total protein
concentration (TP, mean + SE) for the premarin group (n=7)
during bedrest.
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i) intake

Fluid intake during bedrest was crudely calculated based on the
information recorded in each subject's diary. The amount of fluid
drunk each day was measured and the water content in the food was
estimated. When an ANOVA-1W-RM was performed on the data from each of
the bedrests, the differences across bedrest days were not
significant during either bedrest 1 of the non-premarin group (P<
0.10) or during bedrest in the premarin group (P < 0.20). There was
a significant difference between fluid intake on various days of
bedrest for the non-premarin group during the second bedrest (P <
0.05). There was no consistent trend however (Figure 11), with the
largest difference seen between bedrest days 6 and 9.

Although there may appear to be a greater fluid intake in the
non-premarin group during the second bedrest than during the first
bedrest, when an ANOVA-2W-RM-SP was performed to test whether these
differences were significant, the differences between bedrest 1 and
bedrest 2 were not significant (P< 0.50).

ii) urine output

Figure 12 illustrates the changes in 24 hour urine volume during
bedrests (the first value does not represent a full 24-hour sample
since the early morning urine collection was not included). None of
the differences in urine output between bedrest days were
significant; for the non-premarin group, bedrest 1 (P < 0.30) or
bedrest 2 ( P< 0.20), or for the premarin group (P < 0.70). These
results represent the data only from years 2 and 3 of this study,
since 24-hour urine volumes were not recorded during year 1.

iii) fluid intake - fluid output

The difference between the fluid intake and fluid output was
calculated for each woman during bedrest (only data from the second
year were used in the non-premarin calculations). This is not a true
water-balance calculation, since the output is not corrected for
insensible water losses or fluid loss in the stool (both would have
to be estimated, and large errors would occur). As seen in Figure
13, during the first 4-5 days of a bedrest, a negative fluid balance
was seen in each bedrest condition, with the difference between fluid
in and urine out closer to zero during the later days of the
bedrests. Differences between bedrest conditions were not
significant.

4) _URINE OSMOLALITY DURING BEDREST

The osmolalities (mean value + SE) determined from the 24-hour
urine collections are shown in Table 6. The urine osmolality
decreased, especially during the first few days of the bedrests.
This difference was significant during bedrest 1 in the non-premarin
group (P < 0.05), but not significant during the second bedrest (P <
0.20). The changes in urine osmolality during bedrest in the
premarin group were not significant (P < 0.70).
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FIGURE 11: Fluid intake (mean #+ SE) during bedrest for the
~non-premarin group (NP) during bedrest 1 (BR1) and bedrest 2
(BR2), and for the premarin group (P). Fluid intake was
estimated from the fluid and food entries in each subject's
diary.
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FIGURE 12: Urine output (mean g SE) during bedrest for the
non-premarin group (NP) during bedrest 1 (NP1l) and bedrest 2
(NP2), and for the premarin group (P) during bedrest.
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FIGURE 13: Fluid in - fluid out (mean + SE) for the
non-premarin group (NP, n = 6) and the premarin group (P, n = 7)
during bedrest.

33




ve

06 €01 L 9L 98 08 Lot 09 86 Y 69 | £1 8
00S 19 £9 S6¢ (441 9cY 1141 €S 11 11 oLy y6¥ €0y Ly awIR
TITESIY

TL 18 SL 09 £33 €9 119 L9 69 €L (119 69 is
L0S iy 80y (119 1£1 / 6€S 144 4 oy 143 ] 11y <9t 6€Y usIy
Z "om 3Iseapag

9 18 4 << Ls % 89 LS 1% €L 29 oS 08 is
(448 ] oYy 98¢ 1% / 06€ SoY ey 1131 11y 98¢ (11 ¥6S away
1 "om 3Is3zpag

uTIvEISY UON

(4 ¢ 14 oY [ ] L ) S Y [ 14 1 —ISIXPSY JU Lvq

I3 ; FINTE WeIW] INWETNU SATWAT SATILTVIONSO INTYA *9 TTUVI




B) MAXIMAL EXERCISE RESPONSES

i) Effect of menstrual cycle

For the non-premarin subjects, there were at least 5 determinations
of maximal oxygen consumption (V02 max) which were performed during
varying stages of each woman's menstrual cycle, and which would not
have been affected by bedrest. These tests included control months
(Cl and C2), prebedrest tests (PREBR1 and PREBR2), and the 4 wk
recovery from bedrest, The data from these tests were compared for
each woman, averaging the V02 max data from tests done in the luteal
and follicular phases. The results are shown in Table 7., There was
no significant difference in V02 max in these women between these 2
stages of the menstrual cycle (P <0.70).

ii) Non-premarin group, Bedrest 1

The V02 peak value obtained following the first bedrest was
significantly reduced from the prebedrest value, whether the results
were expressed as liters of 02 consumed per minute (average decrease
of 11.22), or corrected for body mass by dividing the peak 02
consumption by body weight (10.4%Z), as shown in Table 8.

iii) Non-premarin group, Bedrest 2

Following the second bedrest however, the reduction in V02 peak was
not significant either when expressed as 1/min (average decrease of
4,1%) or as ml/min/kg body weight (average decrease of 4,3%7).

iv) Premarin group

The decrease in V02 peak following bedrest in the premarin group
was significant (P < 0.01) and averaged 21.6% (1/min) and 24.5% .
(ml/min/kg body weight). There was considerable variability in this
decrease in V02 peak however between subjects, and thus the decrease
in VO2 peak between the premarin group and the decrease seen in the
non-premarin group after the first bedrest was not significant
(t-test comparison).

v) Recovery Data

V02 max was almost completely recovered to the prebedrest level by
2 weeks of recovery from bedrest (see Table 8) and this difference
was not significant (P< 0.01) for either the non-premarin or the
premarin groups. Also no significant differences were seen between 2
and 4 week recovery comparisons, prebedrest and 4 wk recovery
comparisions, or control and recovery tests.

vi) Correlation between the Pre-Bedrest VO2 max and the %
decrease in V02 peak following bedrest 1.

Linear regression analysis was performed to determine the slope and
correlation for the relationship between the prebedrest fitness level
of each subject (prebedrest V02 max), and the reduction in V02 peak.
The calculations were performed on the non-premarin group for both
the first and the second bedrests. The regression equations and
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TABLE 7:

MENSTRUAL CYCIE COMPARISON OF VO-MAX: COMBINED DATA FOR
ALL PRE-BEDREST, AND 4, 6., AND 8 WEEKS AFTER BEDREST DATA.

SUBJECT  EOLLICULAR STAGE (VO>ma)  LUTEAL STAGE VOMAX

1 37.8 (N=2) 36.6 (N=3)
2 4y, 6 (N=b) 47.0 (N=1)
3 39.8 (N=4) 44,0 (N=1)
b 43,7 (N=2) 42.0 (N=2)
5 31.3 (N=3) 31.6 (N=2)
6 40.2 (N=3) 39.9 (N=2)
7 26.4 (N=1) 27.4 (N=2)
8 40.8 (N=1) 42,9 (N=2)
9 36.4 (N=2) 35.2 (N=1)
10 45.8 (N=1) 41.2 (N=2)
1 38.9 (N=2) 33.5 (N=1)
12 35.7 (N=1) 35.0 (N=2)
X 38.5 38.0
STANDARD DEVIATION 5.5 5.7
STANDARD ERROR 1.5 1.6 |

NS (P < 0,70) PAIRING DESIGN TEST

MENSTRUAL CYCLE STAGE WAS VERIFIED FOR EACH WOMAN FROM
RECORDS OF MORNING TEMPERATURE, FROM PERSONAL DIARIES,
AND FROM BLOOD ESTROGEN/PROGESTERONE CONCENTRATIONS
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TABIE 8: vow and Wz PEAK RESULTS
Pre Post Pre Post
Subject BR1 BR2 BR2 BR2 2-WK 4-WK Cl c2
Non-Premarin
—Group
1 33.2 33.5 34.3 34.6 35.8 36.8 42,2 38.7
2 37.1 38.7 40.3 39.7 41.0 47.2 47.0 51.9
3 34.7 31.1 35.5 31.7 38.3 44,0 46 .9 42.0
4 44 .4 41,1 42.9 46.2 42.7 40.8 43,1 47.0
5 28.4 26.2 32.1 1.4 28.8 32.1 33.4 31.0
6 40,1 38.0 42,0 37.9 38.8 39.1 38.4 40,7
7 28.5 24.4 26.3 26.0 26.3 26.4
8 42,5 36.7 43.2 36.8 41.2 40.8
9 36.8 32.1 36.0 32.3 35.4 35.2
10 45.8 37.6 44 .9 37.4 39.5 37.4
11 41.7 28.9 33.5 34,9 33.6 36.1
12 36.7 34,7 33.2 35.4 33.9 35.7
i 37.4  33.5  37.0  35.3  36.2  37.6  41.8  41.8
SD 5.46 4,99 5.39 4.79 4,81 5.19 4.79 6.53
Premarin
Sroup
13 30.8 26.3
14 28.3 22,2
15 28.4 16.3
16 44,6 35.5
17 44,7 36.4
18 43.6 31.0
19 40.1 28.7
x 37.2 28.0
SD 7.15 6.65
A 27.2 27.3 26 .4 30.2 29.3 27.2
B 26 .9 27.3 28 .4 27.3 26.8 26 .9
c 36.0 29.0 39.3 40.5 39.4 36.0
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correlations are shown below:
Bedrest 1, VO2 values expressed as 1/minute.
y = -17.8x + 29,1, r = - 0.48.

Bedrest 1, VO2 values expressed as ml/min/kg
y = =4.6x + 6.0 r = -0.12

Bedrest 2, VO2 expressed as 1l/minute
y = -0.49 + 8.3 r = -0,31

Bedrest 2, V02 expressed as ml/min/kg

y = 0,20 = 2,9 r = -0.27

C) SUBMAXIMAL EXERCISE RESULTS

i) Exercise duration

The total exercise times during the submaximal tests are listed in
Table 9. During control or prebedrest tests, the exercise duration
was about 30 minutes. Occasionally, there was difficulty obtaining
the final 30 minute blood sample, and the exercise time was prolonged
by one or two minutes. For tests in which the exercise was stopped
earlier, the subject's heart rate exceeded 95% of her prebedrest
maximal heart rate, which was measured during VO2 max determination.
The only exception was subject 17, who was stopped during her
postbedrest and recovery tests because of the core temperature
limitation. (An exercise test is immediately terminated if core
temperature exceeds 39 degrees C).

The average exercise times in the prebedrest and control tests were
all between 28 and 30 minutes. Following bedrest however most women
could not finish the entire protocol without reaching the heart rate
or core temperature criteria. The average exercise duration for the
non-premarin group was 21 minutes for both the postbedrest 1 and
postbedrest 2 tests. A similar decrease in exercise duration
occurred following bedrest in the premarin group (the postbedrest
duration averaged 16.9 minutes).

Most of the women in the non-premarin group completed the 30-minute
exercise test after both 2 and 4 weeks of recovery from bedrest. For
the premarin group, 4 of the women were told to stop exercise early
during the 2 week recovery tests, and 3 stopped early during the 4
week recovery test.

ii) Changes in plasma volume during exercise tests

Plasma volume decreased significantly (P < 0.01) in all tests
during exercise. Figure 14 illustrates the PV changes which occurred

in the non-premarin group during the pre and postbedrest tests.
Plasma volume decreased rapidly with the onset of exercise, with most

38




6t

- 119 (113 0¢ 81 ot )
¢ (119 Syt 119 L1 0€ q
o€ 1°0¢t g Tt - g Tt g Tt A\
‘0 z°0 T°s 6°S 0°9 o as
6° 6T 1°0¢€ 1°92 8° % 6°91 6°67 x
(1] ¢ ot 0€ o€ [4 19 61
0¢ .0¢ 1€ 114 114 0¢ 81
(113 (1]% 144 1914 S LT 0t Lt
€°6T 0¢ A {4 S €1 (1) S 67 91
119 o€ 113 1€ §°97 0€ ST
(1] 0€ 91 S et s 11 0t k4
[11% $°o¢ (114 1919 91 114 €1
oIy uTIvVes Ty
€1 S°y 9°¢ % L9 6°0 0°s 0 as
8°62 €°8C T LT €°8Z 6°07 g o¢c 1°17 (11% x
ot s° ot oc (114 (119 o€ 1z 113 Tl
(113 (A% (113 (113 €L 113 82 (114 149
119 $° ot (1] o¢ $°ST (119 9z 119 (114
o€ 1€ ot ot $°s? 119 $° 1 o€ 6
L°0€ (113 (/1% (113 114 ot (114 119 ]
113 S°0¢ ot (114 91 $ 6T 61 ot L
L°6Z ot 0€ $*6T (14 £ ee ¢°ot 0€ 9
119 ot (119 £ 1e %1 119 144 114 9
198 14 L°91 €1 S1 21 1% $° ot 1% Y
% 114 ¢ 91 L6 €T o€ 14 o€ €
4% $°62 L 6T 198 A1 s ot €I 0t 4
145 (113 (113 $°6C (] g o¢ o€ 1% 1
. . -
(44} 10 o4 N (4.1 ¢ cud Tag Tad 3d9fqng
IN-9 iN-Z 3804 axg 3804 oxgq
TI 'DEVERDN TPI0BIYY 6 TI4VL




Plasma Volume
During Exercise
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FIGURE 14: Absolute Plasma volume (mean + SE) during the
Submaximal exercise tests for the non-premarin group (n = 12)
during the pre and postbedrest tests before or after bedrest 1
and bedrest 2,
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of the changes occurring within the first 10-15 minutes. Thereafter,
the decrease in PV was attenuated, and even in some subjects
partially recovered. Significantly smaller PV were seen during
postbedrest tests than during prebedrest tests in the non-premarin
group (P < 0.01). Absolute PV did not differ significantly (P <
0.50) in the premarin group between the pre an postbedrest tests
(Figure 15).

A similar pattern of plasma volume decrease during exercise
occurred during all exercise conditions despite the significant
differences in absolute PV. Figure 16 illustrates the changes in
plasma volume during the pre and postbedrest exercise tests, where
the data are presented as the Z change in PV (% difference from the
resting sample). The decrease in PV during bedrest was significant
(P < 0.01) for each exercise test condition (PREBR, POSTBR, Cl, C2,
2wk RC, 4wk RC). However a comparision of the Z changes in PV between
the pre and postbedrest results (ANOVA-2W-RM-SP) was non-significant
(P < 0.10) for non-premarin bedrests 1 and 2 as well as for the
premarin results (P < 0.10).

iii) Changes in blood electrolytes and proteins during exercise
tests

Plasma osmolality increased during all exercise tests (P < 0.01).
Figure 17 (upper panel) illustrates the increase in plasma osmolality
during exercise for the non-premarin group, comparing pre and
postbedrest results., The bottom panel of this same figure
illustrates the changes for the premarin group. An ANOVA-2W-RM-SP
was used to compare the differences in osmolalities between pre and
postbedrest conditions. Non-significant differences between the pre
and postbedrest tests occurred in the non-premarin group during both
the first (P < 0.80) and second (P < 0.90) bedrests, and also between
pre and postbedrest tests in the premarin group ( P < 0,70).

Total protein concentration increased significantly (P < 0.01)
during each exercise test., Figure 18 (upper panel) illustrates these
changes in total protein concentration for the non-premarin group
during the pre and postbedrest tests (bedrests 1 and 2). During the
first bedrest, the total protein concentrations were significantly
higher (P <0.05) during the postbedrest test than during the
prebedrest test. During the second bedrest, though the average total
protein concentration was higher at each exercise interval, this
difference was not significant (P < 0.30).

In the premarin group, an increase in total protein concentration
occurred during the exercise tests., There were no significant (P <
0.10) differences in these protein values between the pre and
postbedrest tests.

iv) Cardiovascular responses during exercise
Exercise heart rates
Figure 19 illustrates the exercise heart rates during the pre and

postbedrest exercise. The exercise heart rate following bedrest was
significantly higher than the prebedrest value for the non-premarin

group following bedrest 1 (P < 0.05), but not quite significant
following bedrest 2 (P < 0.10), During the 2 and 4 week recovery
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FIGURE 15: Absolute plasma volume (mean + SE) during the
submaximal exercise tests for the premarin group (n = 7) during
the pre and postbedrest tests.
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Plasma Volume Changes
During Exercise
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FIGURE 16: The percent changes in plasma volume (mean + SE)
during the submaximal exercise tests for the non-premarin group
(NP, n = 12) before and after bedrest 1 and bedrest 2, and for
the premarin group (P, n = 7) before and after bedrest.,
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FIGURE 19: Heart rate (mean + SE) during the submaximal
exercise tests for the non-premarin group (NP, n = 12) before

and after bedrest 1 and bedrest 2, and for the premarin group
(P, n = 7) before and after bedrest.

46




exercise tests, the exercise heart rates were not significantly
different from the prebedrest tests ( P <0.10) for the 2 week
recovery test, and P < 0.50 for the 4 week recovery comparison. The
heart rate responses between the two prebedrest tests did not differ
significantly (P < 0.50).

For the premarin group, heart rate changes similar to those seen
in the non-premarin group occurred. Following bedrest, exercise heart
rates were significantly higher than during the prebedrest test (P <
0.05). The exercise responses seen during the 2 and 4 week recovery
tests did not differ significantly from the prebedrest test (P < 0.30
for the 2 week recovery test, and P < 0.80 for the 4 week recovery
test).

In both the non-premarin and the premarin groups, the postbedrest
heart rate was higher (paired t-test comparision, P < 0.05) than the
prebedrest value even before the start of the exercise,

Exercise Cardiac Outputs

Cardiac outputs were performed at 4 exercise intervals; after 10,
15, 20, and 25 minutes of exercise, As there were no significant
differences between the sampling times (P < 0.05), all cardiac
outputs from a given test were averaged and these mean values are
presented for each subject in Table 10.

No significant differences occurred for either the non-premarin, or
the premarin group between experimental conditions. An ANOVA-1W-RM
was performed on each set of data, where the F ratio for the
non-premarin group was 1.83 ( P < 0.10, n = 77), and for the premarin
group was 1.75 (P < 0.20, n = 30). Thus cardiac output did not differ
significantly during exercise after bedrest or during any of the
recovery tests.

Exercise stroke volumes

Stroke volumes were calculated by dividing the cardiac output by
the heart rate during the rebreathing technique. The values shown in
Table 11 are the average stroke volumes, calculated from the cardiac
outputs performed during the submaximal exercise tests.

Significant differences in exercise stroke volumes occured in the
non-premarin group (ANOVA-1W-RM), where the F ratio was 3,05,
significant at the P < 0.02 level. Post hoc analysis (Duncan Multiple
Range Test) found that the stroke volumes during the postbedrest 2
test were significantly lower than stroke volumes during either
prebedrest 1 or 2 tests. Stroke volumes were lower during
postbedrest 1 tests than during the prebedrest 1 condition for 10 out
of 12 subjects. However this difference was not significant at the P
< 0.05 level. :

For the premarin group, the F ratio was 7.63, significant at the P
< 0.01 level. A post hoc analysis (Duncan Multiple Range Comparison)
determined that stroke volumes were significantly lower during
postbedrest tests than during prebedrest tests (P < 0.05). No
significant differences occured between prebedrest and recovery or
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TABLE 10: MEAN CARDIAC OUTPUT VALUES -

(ml/min)
Pre Post Pre Post
Subject BR1 BR1 BR2 BR2 2-WK 4-WK Cl Cc2

Non-Premarin Group

1 13548 13041 10592 10157 12583 10512 8517 11083
2 11254 8965 10021 10367 = 11852 12647 11684 9160
3 9804 11517 10663 11126 10171 9211 13985 12081
4 9017 12459 10380 12023 12448 9023 8953 9305
5 11840 12145 14644 8738 12506 14023 12112 7573
6 14261 15305 13110 16982 14955 13681 13195 13392
7 10314 11005 11791 10345 12475 11833 12120 10314
8 12374 12799 9838 9194 11673 10630 12988 12374
9 15803 14207 14630 11630 14124 14165 15289 15803
10 10298 10730 11726 9130 12223 10519 11709 10298
11 11050 12239 9539 8699 12771 10527 10671 11050
12 13205 12322 10457 11360 12154 9302 13595 13205
b4 11897 12227 11449 10812 12494 11339 12068 11303
SE 555 451 490 621 327 521 546 615
Premarin Group -
13 10521 9571 9077 8360 9219 10521
14 8997 7673 7142 7386 5934 8997
15 9438 9771 9662 9426 10235 9438
16 11673 11902 11354 7156 11495 11673
17 12437 11728 11335 12003 11891 12437
18 13920 12327 13634 12903 14793 13920
19 9970 7584 10420 10934 10951 9970
x 10993 10079 10374 9738 10645 10993
SE 470 297 547 605 723 470
A 11866 11456 13082 6316 11093 11866
B 9340 8841 13082 10560 10696 10911
c 11171 7951 10365 9570 9570 --
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TABLE 11: SIRCKE VOLIMES DURING EXERCISK

(ml1)
Pre Post Pre Post
Subject BR1 BR2 BR2 BR2 2-WK 4-WK Cl Cc2
Non-Premarin
—SCroup
1 96 85 78 68 81 76 56 81
2 85 63 70 65 72 78 71 59
3 58 64 63 64 59 51 78 67
4 55 75 71 68 73 53 52 53
5 75 69 79 49 70 82 74 46
6 97 96 95 101 93 88 85 91
7 70 69 75 64 84 83 82 70
8 74 70 65 55 67 65 14 74
9 109 89 106 72 99 97 106 109
10 73 63 75 55 76 66 76 73
11 76 74 61 50 78 64 74 76
12 91 77 90 74 78 63 88 91
x 80 74 77 *65 78 79 76 74
SE 4 4 4 4 k} 4 4 5
Premarin
~Group
13 69 55 59 56 59 69
14 53 42 41 45 35 53
15 62 59 60 60 65 62
16 70 65 64 43 70 70
17 72 64 65 69 65 72
18 90 69 79 84 ) 80 90
19 67 44 69 75 74 67
x 69 *57 73 62 64 69
SE 4 4 4 5 5 4
A 69 60 ' 80 102 68 78
B 59 51 83 83 67 66
C 78 48 65 73 65 78

* Significantly different from pre-bedrest value.



control tests.,

v) Thermoregulatory responses

a) Thermoregulatory responses as a function of menstrual
cycle phase

Data from the control and prebedrest tests from this study were
combined with other data collected in a separate study to analyze the
effect of menstrual cycle phase on thermoregulatory responses. Using
each woman as her own control, 8 normally cycling women were studied
in the follicular and luteal phases of their menstrual cycles. We
reported no significant differences in body temperature responses
during exercise (except for the expected increase in body core
temperature in the luteal phase), and no differences in either total
body sweat losses or local sweating responses (see abstract entitled
" Thermoregulatory response to exercise at different phases of the
menstrual cycle" in Appendix 3.

b) Effect of Premarin on thermoregulatory responses

The control and prebedrest data from the women in this study were
used to test the effect of premarin on thermoregulatory responses,
Five women in this study performed the control exercise tests without
taking either oral contraceptives or premarin. Each woman also
performed premarin exercise tests, after ingesting 1.25 mg “premarin
for 7-10 days. We reported no significant alteration in body
temperatures, skin conductances, total body sweat loss, sweating
sensitivity or sweating threshold with the use of premarin (see
abstract entitled "The lack of an affect of elevated estrogens on
exercise thermoregulation" in Appendix 3).

c) The effect of bedrest on esophageal temperature during
exercise - non-premarin group

The esophageal temperatures (Tes, mean i SE) during the submaximal
exercise tests are illustrated in Figure 20. During each submaximal
test there was a significant increase in the Tes during exercise.
During the first bedrest, the Tes values during the postbedrest
exercise were significantly higher (P < 0.05) than the temperatures
during the prebedrest condition (ANOVA-2W-RM-SP). No significant
differences were seen between the prebedrest and the 2 week (P <
0.70) or the 4 week (P < 0.90) recovery tests. Even before the start
of exercise, the resting Tes in the postbedrest test was
significantly higher (paired t comparison, P < 0.05) than the
comparable prebedrest value,

Although Tes values were consistently higher during all postbedrest
tests, these differences were not significant (P < 0.90 for the pre
to postbedrest 1 comparison, and P < 0.20 for the pre to postbedrest
2 comparison). The difference between the pre and postbedrest Tes
values after 15 minutes of exercise (the last value obtained in most
postbedrest tests) was significantly higher than the prebedrest Tes
at the same time interval (paired T comparision, P < 0.01). Thus
during the postbedrest tests, Tes values were not significantly
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Esophageal Temperature
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FIGURE 20: Esophageal temperatures (mean + SE) during the
submaximal exercise tests for the non-premarin group (NP, n =
12) before and after bedrest 1 and bedrest 2, and for the
Premarin group (P, n = 7) before and after bedrest,



higher than the prebedrest values during the beginning minutes of the
exercise test, but by the end of the test they were significantly
higher.

Esophageal temperatures during submaximal exercise, premarin
rou

No significant differences occurred between the Tes responses of
the prebedrest and the 2 or 4 week recovery tests. Although the
resting postbedrest Tes was significantly higher than the prebedrest
resting value (P < 0,05), as the exercise continued the differences
between the pre and postbedrest values were no longer significant ( P
< 0.09, ANOVA-2W-RM-SP). Although the mean Tes at each exercise
interval was consistently higher in the postbedrest tests (Figure
20), even a comparision of the 15 minute values (paired t comparison,
P < 0.09) showed a non-significant difference between the pre and
postbedrest Tes values. ,

d) Mean Skin Temperatures During the Submaximal exercise tests,
non-premarin group

The mean skin temperature was calculated from 4 skin sites
(Methods) and are illustrated in Figure 21. Although the mean skin
temperatures during the prebedrest tests (both first and second
bedrest) decreased during the exercise tests, while the postbedrest
values either did not change or increased slightly, there was
considerable variability among the individual responses. For any
given exercise condition, the changes in mean skin temperature during
exercise were not significant; prebedrest 1, P < 0.80; prebedrest 2,
P < 0.50; postbedrest 1, P < 0.70; postbedrest 2, P < 0.70. No
significant differences occurred in mean skin temperature responses
between any of the exercise conditions (ANOVA-2W-RM-SP), P < 0.20).

Mean Skin Temperatures during Submaximal Exercise Tests, premarin
rou

The pattern of change in mean skin temperature during the exercise
tests appeared different from the pattern seen for the non-premarin
group. Again, there was considerable variability among subjects, and
the increase in mean skin temperature during exercise (Figure 21,
bottom panel) was not significant during either the prebedrest (P <
0.20) or the postbedrest (P < 0,50) condition. No significant
differences occurred in mean skin temperature response between any of
the exercise conditions (ANOVA-2W-RM-SP), P < 0.50).

e) Total body sweat losses during submaximal exercise tests

Total body weight loss was used as an estimate of the total sweat
loss during the submaximal exercise tests. The change in body weight
(in grams) during exercise was divided by the number of minutes of
exercise and by the surface area of each woman (from Dubois nomogram
based on height and weight). The results preseated in Table 12 are
the sweat rate results (g/min/m2 body surface area) obtained during
each exercise test.
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Mean Skin Temperature
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FIGURE 21: Mean skin temperature (mean  SE) during the
submaximal exercise tests for the non-premarin group (NP, n =
12) before and after bedrest 1 and bedrest 2, and for the
premarin group (P, n = 7) before and after bedrest.
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TABLE 12: TOTAL BODY SWEAI LOSS

(g/min/ m2)
Pre Post Pre Post
Subject BR1 BR1 BR2 BR2 2-WK 4-WK Cl c2

Non-Premarin Group

1 11.33 8.97  11.63 9.92 11.68  10.00 9.56  11.33
2 12.66 17.79  13.28  17.92  12.24  10.97 11.31  12.66
3 9.79  19.22  11.46  14.99  11.15  14.47 . 15.22 9.79
4 13.35 14.72 16.28  16.65 16.89  19.54  17.08  13.35
5 8.58-  8.48 7.74 12.14  16.62 9.36 8.65.  8.58
6 14.94  13.71 7.82 5.22 8.99  8.50 11.87  14.94
7 10.36  13.264  15.93  16.09  15.17 ~ 13.05 12.17 - 10.36
8 7.57  10.19 8.99 9.54 9.78 8.77 8.82 7.57
9 10.31  12.59 9.58  14.30 9.80 8.73  10.52  10.31
10 9.44 12.79 10.67  10.98  12.00 11.78 8.74 9.44
11 9.18  11.50 9.38  13.50 10.40  11.18 6.74 9.18
12 10.33  14.48  17.54  13.45  10.33  12.28  14.51  10.33
% 10.65 *13.14  11.69 *12.89  12.09 11.55 11.27  10.65
SE 0.58 0.89 0.93 0.98 0.75 0.87 0.85 0.58
Premarin Group
1 10.45  19.12 10.58  10.39  11.63  10.45
2 7.48  18.72 8.92  10.68 7.41 7.48
3 8.06 9.04 8.24 7.37 6.59 8.06
4 11.71  18.79 13.02  11.36  11.45  11.71
5 10.37  16.38 12.20 8.87  11.59  10.37
6 8.85  11.50 9.70 8.81 8.52 8.85
7 8.88  10.81 9.80 9.30 8.47 8.60
% 9.40  14.91 10.35 9.54 9.38 9.36
SE 0.52 1.51 0.60 0.47 0.75 0.53
A 7.36  10.20 9.20  11.84 9.20  10.05
B 10.23  12.57 7.58 6.71 6.82  10.23
c 11.90  15.53 ' 9.46  12.42 -- 11.90

* Significantly different from pre/bedrest 1. =
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There were no significant differences in the total sweat losses
between the non-premarin and the premarin group, which averaged 10.65
g/min/m2 for the non-premarin group and 9.40 g/min/m2 for the
premarin group.

- For the non-premarin group, significant differences (P < 0.05)
occurred in the total sweating results between exercise conditions
(ANOVA-1W-RM). The total sweat loss was significantly greater (P <
0.05) than the prebedrest condition during postbedrest 1 and
postbedrest 2 (Duncan Multiple Range Comparisions). No significant
differences occurred between other exercise conditions,

For the premarin group, the F test ratio comparing all conditions
was not significant (P < 0.10). However for every subject, the total
body sweat losses were greater during the postbedrest test than
during the prebedrest test (see Table 12),.

f) Sweat sensitivity and Tes threshold determinations

Local sweat rates (SR) were obtained from sweat capsules placed
over a skin site on the chest and plotted as a function of the
corresponding Tes (see Methods), and the slopes of these SR/Tes
relationships are shown in Table 13,

During the first year of the study, the sweat system was not yet
built, and so local sweat records for subjects 1-6 could not be
obtained. Also any subject in whom the data was "missing" from more
than one exercise test was not included in any of the data analysis,
(This included subjects 7, 9, and A). Data became "missing" if the
sweat capsule leaked during the test.

The statistical analysis was affected by the small number of
subjects in each group (4 non-premarin, 7 premarin, and 2 oral
contraceptive users) and by the fact that, since sweating slopes and
threshold values are not normally distributed, non-parametric
statistical analysis were required. In order to obtain the largest
number of comparisions, all pre and postbedrest data (from the
non-premarin, the premarin, and the oral contraceptive users) were
combined to test whether bedrest reduces the slope of the sweating
response, and the significance of this comparison was tested using a
Mann-Whitney U test. The Z statistic was 1.79, which is significant
for a one-tailed design at P < 0.04, Decreases in the sweating slope
following bedrest occurred in 6 out of the 8 bedrests in the
non-premarin group, in 6 out of 7 of the premarin group, and in both
of the oral contraceptive users.

g) Sweating thresholds

The same limitations as above applied to the calculations of the
sweating thresholds. These results are presented in Table 14, and
the pre and postbedrest data were also analysed by combining the
results from all groups and performing a Mann-Whitney U test. The Z
value was 0.82, which was non- significant for either a one-tailed (P
< 0.21) or a two-tailed (P < 0.41) analysis.

vi) Venous lactate values during exercise
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TABLE 13: LOCAL SWEAY SLOPES {SR/Xes)
mg/min/cm“/"C
Pre Post Pre Post

Subject BRl BRIl BR2 BR2 2-WK 4-WK c1 c2
Non-Premarin
—Group

8 0.83 0.88 0.86 0.28 0.26 0.4 0.94 0.83
10 0.88 0.72 1.14 2.5 1.13 1.6 0.69 0.88
11 0.69 0.66 0.74 0.39 0.76 0.47 0.55 0.69
12 0.9 0.62 1.35 1.05 0.79 0.81 0.82 0.90
x 0.82 0.72 1.02 1.05 0.73 0.82 0.75 0.83
SE 0.04 0.05 0.04 0.44 0.15 0.23 0.07 0.04
Premarin
Group

13 3.88 0.56 2,81 1.74 4,49 3.88
14 0.19 0.29 0.3 0.35 0.21 0.19
15 1.07 0.49 0.84 0.75 0.93 1.07
16 0.44 0.37 0.47 0.67 0.98 0.44
17 0.5 0.3 0.31 0.54 0.53 0.50
18 1.87 0.61 0.68 2.23 1.43 "1.87
19 0.9 0.62 1.32 1.28 0.99 0.90
x 1.26 0.46 0.96 1.08 1.36 1.26
SE 0.45 0.17 .31 0.24 0.45 0.45
B 0.98 0.51 0.86 0.56 0.78

C 0.46 0.29 0.67 0.6 0.59
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TABLE 14

LOCAL SWEAT RESPONSE - IES IHRESHOLDS

Pre Post Pre Post

Subject BRl BR1 BR2 BR2 2-%K 4-WK Cl c2
Non-Premarin

~Group

8 37.43 37.49 37.43 37.15 37.32 37.43 37.59 37.35
10 37.15 37.46 37.25 37.47  37.18 37.15 37.11 37.37
11 37.1 37.41 37.44 37.58 37.62 37.1 37.44 37.48
12 37.15 37.43 37.46 37.59 37.36 37.15 37.24 37.33
x 37.21 37.44 37.39 37.44 37.37 37.20 37.34  37.38
SE 0.07 0.01 0.04 0.02 0.08 0.04 0.09 0.03
Premarin
—Group
i3 37.02 36.84 36.9 37.14 37.2 37.03
14 36.78 37.19 37.07 37.01 36.75 36.78
15 37.28 37.47 37.17 37.05 37.4 37.28
16 37.54 37.02 37.45 37.19 37.49 37.54
17 38.21 38.11 37.81 38.26 37.73 38.21
18 37.9 37.77 37.06 37.76 37.35 37.90
19 37.45 38.26 37.4 37.73 37.37 37.45
x 37.45 37.52 37.26 37 .44 37.32 37.45
SE 0.17 0.19 0.11 0.16 0.11 0.17

B 37.59 37.76 37.66 37.29 37.25 37.47

57




The individual blood lactate values obtained from each resting
and final exercise sample are shown in Table 15. Blood lactate
increased significantly during each exercise condition (P < 0.01).
For the non-premarin group, venous lactate increased by an average
29.4 and 29.0 mg % during the prebedrest 1 and prebedrest 2 exercise
respectively. Following bedrest, the increase in venous lactate was
significantly greater (P < 0.01); 47.4 and 45.7 mgZ during the
postbedrest 1 and 2 tests, respectively. Although not as high as the
postbedrest tests, venous lactate values were still significantly
higher than the prebedrest tests during the 2 week (34,8 mgZ) and the
4 week recovery (34.0 mg %) tests. '

For the premarin group, venous lactates also increased
significantly more (P < 0.01) during the postbedrest test than during
the prebedrest condition (Table 15). However the rise in venous
lactate was not significantly different (P <0.05) from the prebedrest
condition during the 2 and the 4 week recovery tests.

vii) _Change in forearm venous compliance during exercise

The change in forearm venous compliance (FVV) which occured
during the pre and post bedrest 1 tests in the non-premarin group is
jllustrated in the upper panel of Figure 22, During exercise there
was an increase in venous tone (decreased FVV), which persisted
throughout the exercise test, despite the marked increases in body
temperatures. This venoconstriction during exercise was also seen
during the postbedrest tests. Although all mean postbedrest FVV
values were smaller than the prebedrest values, thus suggesting a
.potentiated venoconstriction, the differences were not significant
(ANOVA-2W-RM-SP, P < 0.20). No significant differences occurred
between the prebedrest 2 and postbedrest 2 tests (P < 0.20), the
prebedrest 1 vs 2 week recovery ( P < 0.70) tests, or the 4 week
recovery tests (P < 0,02), Figure 23 illustrates that the apparent
differences in the FVV response between pre and postbedrest tests
were due to a shift in the resting values and not the result of a
change in the rate of venoconstriction during the exercise. This is
evident from the fact that the shape of the relative changes in the
venoconstrictor response in the pre and postbedrest tests was almost
identical.

Similar FVV responses occurred in the premarin group (see the lower
panels of Figures 22 and 23). The change in FVV during pre and
postbedrest exercise was not significantly different (P < 0.10).
There also were no significant differences between prebedrest and 2
week (P < 0.10) or 4 week ( P<C 0.10) recovery tests,

D) 17-beta Estradiol and Progesterone Results

1) During Bedrest

The 17-beta estradiol and progesterone values obtained from blood
samples drawn at the same time of day from each woman during bedrest
is shown in Tables 16 and 17. Normal cyclic fluctuations in blood
estrogens occurred in the non-premarin group, with peak 17-beta
estradiol concentrations of about 200-400 pg/ml near ovulation. The
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FIGURE 22: The change in forearm venous volume (compliance)
between O and 30 Torr arm cuff congesting pressures (mean + SE)
during the submaximal exercisge tests for the non-premarin group

(n = 12) before and after bedrest 1, and for the premarin group
(n = 7) before and after bedrest.
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progesterone levels in the non-premarin group also showed cyclic
fluctuations as would be expected from normally cycling women.
However in two of the subjects, subject 8 during bedrest 2 and
subject 12 during both bedrests 1 and 2, the progesterone
concentrations during the luteal phase were abnormally low, and the
cycles were defined as a luteal phase deficiency using the definition
of Abraham et al (1974). See Figure 24 for an illustration of the
hormonal responses from one of these subjects. Also during the first
year of the study, subject 3 had an extremely short (18-day) cycle
during the first bedrest, and blood hormonal values obtained during
the post bedrest exercise test and morning temperature data suggest
that this subject did not ovulate during this menstrual cycle.

The 17-beta estradiol and progesterone values obtained from blood
samples in the premarin group are also presented in Tables 16 and 17.
The 17-beta estradiol values averaged from 184 to 365 pg/ml during
bedrest, with consistent elevations seen throughout the bedrest
protocol - except for subject 17 who forgot to take her pill on the
morning of bedrest day 9. Progesterone levels for 5 of the subjects
remained less than 0.1 ng/ml, suggesting that ovulation had been
inhibited for most subjects. Subjects 13 and 19 appeared to have
ovulated despite the premarin. Subject 19 reported "breakthrough
bleeding" and increased the dosage of premarin to 2 mg/day

2) Before the submaximal exercise tests

The 17-beta estradiol and progesterone values obtained from the
resting blood sample drawn immediately before the start of the
submaximal exercise tests are shown in Tables 18 and 19,
respectively. The 17-beta estradiol concentration ranged from 35.5
to 336.7 in the non-premarin group during the prebedrest tests, and
from 105.4 to 337.9 pg/ml in the premarin group. Again, the
progesterone data are representative of either a preovulatory stage
or a non-ovulatory cycle for all premarin subjects except subjects 13
and 19 in the postbedrest test.

E) Arginine Vasopressin Concentrations during the Submaximal
Exercise Tests

To test our hypothesis that plasma ADH (arginine vasopressin) may
be involved in the alteration of thermoregulatory function, plasma
arginine vasopressin concentrations were measured from the resting
and final exercise blood sample during submaximal exercise tests.
Samples were obtained only during the last year of the study
(premarin group), and the resting and final exercise values (pg/ml)
are shown in Table 20. No significant differences (P < 0.30) were
found (ANOVA-1W-RM) between any of the arginine vasopressin values,
including rest and exercise, and pre and postbedrest values.

F) Pulmonary Function Test Results

Forced vital capacity (FVC) increased in each subject (n=13)
during bedrest. Total lung capacity increased in each subject, while
residual volume and resting volume of the lung did not change. No
change in FVC was found in an ambulatory control group using
identical measurement techniques. (see the manuscript in Appendix 2
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FIGURE 24: Endocrine measurements of one subject during

bedrest. An insufficiency of progesterone secretion was
documented according to the method of Abraham.
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TABLE 18: ESTROGEN RESULTS FROM EXERCISE IESTS

(pg/min)
Pre Post Pre Post
Subject BR1 BRI BR2 BR2 2-WK 4-WK Cl c2

Non-Premarin Gxoup

1 220.9 442.8 129.7 197 .8 278.5
2 76.9 49 .8 355.0 64.0 219.7 272.7 38.9
3 93.6 101.2 222.1 101.8 127.7 112.5 94.4 309.5
4 336.7 433 .6 57 .8 535.4 39.8 56,2
5 77.4 47.9 91.2 271.3 62.6 189.1 114.9
6 60.1 114.9 179.8 43.3 202.4 109.6 254 .6
7 128.1 29.6 313.6 34,7
8 70.0 50.4 70.0
9 68.5 46,1 32.3
10 88.9 162.8 121.4 121.1 81.2 88.9
11 35.5 184.4 66.2 124.5 56.1 35.5
12 150.1 74.6 90.4 54 .9 126.8 150.1
x 91.9 117.8 181.1 141.1 171.8 173.7 110.4 124.3
SE 35.00 87.5 142,.8 91.7 170.7 77 .3 72.5 91.9
Premarin Group -
13 196.4 505.7 40.2 20.0 20.0 196 .4
14 337.9 216.3 242.9 66.2 138.5 337.9
15 220.3 234.3 172.3 322.0 220.3
16 125.0 143.1 120.8 20.0 20.0 125.0
17 129.7 297 .4 20.0 20.0 . 20.0 129.7
18 105.4 134.8 76.1 121.2 105.4
19 340.4 205.7 225.8 93.6 33.2 340.4
x 207 .9 248.2 121.0 73.3 92.3 207 .9
SE 91.2 116.9 86.2 54.9 111.1 91.2
A 281.5 440 .4 105.6 71.2 643.7 119.8 210.7 267.1
B 9340 8841 13082 10560 10696 10911
C 11171 7951 10365 9570 9570 -
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(ng/ml)

PROGESTERONE RESULTS FROM EXERCISE TESTH

TABLE 19:
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TABLE 20: ARGININE YASOPRESSIN RESULIS

(pg/ml)
Pre-Bedréat Post-Bedrest
Subject R EX D R EX D

13 4.49 7.20 2,71 4.40 10.48 6.08
14 3.84 3.97 0.13. 2.92 6.45 3.53
15 4068 4003 -0-65 5.82 2.92 ‘2.90
16 3.35 6.52 3.17 4.94 5.49 0.55
17 4.92 7.40 2.48 16 .45 9.29 -7.16
18 . 4075 6.08 1.33 5.02 4-36 -0066
19 3.22 4,18 0.96 5.28 6.97 1.69
x 4,18 5.63 1.45 6.40 6.57 0.16

SE 0.25' 0.53 0-50 1.58 0.93 1.52

D = (exercise - rest)
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for a more complete description of these results).

G) Positron Emmision Tomography Result

No change was found in the D2 receptor binding of the caudate
nucleus following bedrest. See Figure 25 for the slopes of the
caudate/cerebellum binding ratios obtained during the prebedrest
(7/11/84) and postbedrest (7/25/84) tests.
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FIGURE 25: The ratio of 11C-labelled 3-N

-N-methl i
binding in the caudate/ cerebellum as an index ggpdg;;;::e D2
r;ceptor binding in one subject before (7/11/84) and after
(7/25/84) bedrest. The similarity of the two relationships

Suggest no change in the number of central d
in the caudate nucleus during bedrest. opamine D2 receptors
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v) DISCUSSION OF RESULTS

A) Body Fluid Responses During Bedrest

1) Comparison to previous studies

A fairly consistent finding is that plasma volume decreases during
spaceflight (Johnson, 1979) and during programs of bedrest.
Greenleaf and coworkers (1977) utilized the data from several bedrest
studies to characterize a hyperbolic relationship between the
decrease in plasma volume as a function of the number of days of
bedrest. According to their calculations, plasma volume decreases to
an asymptote of about 22.5% below prebedrest level after about 30
days of horizontal bedrest. After 11 days of bedrest, a 13% decrease
in plasma volume would be expected. Most of the data used in these
calculations were obtained from studies of the responses of male
subjects. In the present study, the hypothesis was tested that women
may have a smaller reduction in plasma volume during bedrest,
especially during the pre-ovulatory and the luteal phases of the
menstrual cycle, through a direct or indirect action of estrogens to
retain body water. This hypothesis was based on early observations
of hemodilution during estrogen therapy (Whitten et al, 1951: Preedy
et al 1956), possibly through a sodium conserving action in the
kidneys (Dignam, 1956). In addition, Gaebelein and Senay (1982)
observed that the decrease in plasma volume during exercise was less
during the luteal phase, when estrogens would be higher, than during
the early follicular phase. Our results however did not strickly
support this hypothesis. The decrease in plasma volume seen in the
women without estrogen supplementation was similar to that predicted
by Greenleaf's formula; it averaged 19.9% following bedrest 1 and
12.3% following bedrest 2 (Table 5). If anything, the women in our
study lost more plasma volume than that reported for men under
similar conditions.

No attempt was made in this study to control either fluid or food
intake. Therefore some of the day-to-day variations in blood and
urine constituents were undoubtedly influenced by changes in the
diet. Nevertheless, while there was no consistent change in the
amount of fluid or food intake, as assessed from the diary records,
consistent changes in plasma volume, electrolytes and proteins.
occured during bedrest. The blood and urine responses seen in this
study were similar to those found in a previous study (Greenleaf et
al, 1977) which studied the body fluid responses of 7 men during a
similar bedrest protocol (non-exercise condition). 1In both studies
plasma osmolality and protein concentration increased significantly
during bedrest, although there was a net loss in the plasma content
of total protein (TCP) and osmotically active particles (TCO). The
mechanism responsible for this loss of a hypotonic fluid from the
vascular compartment during bedrest is most likely multifactorial.
In another paper by Greenleaf and Kozlowski, the body fluid shifts
during bedrest were divided into 3 separate stages. During the first
day of bedrest, fluid moves from the lower regions of the body into
the thoracic region, stimulating volume receptors, and producing a
diuresis. Then during the next 2 weeks of bedrest, plasma volume
reduction continues, and the extracellular volume is restored and
possibly even exceeds the prebedrest level. After 2 weeks of bedrest,

70




the plasma volume is still below the prebedrest level, but it remains
fairly stable; extracellular water is normal, and intracellular water
is reduced. Thus during the early hours of bedrest, the initial
reduction in plasma volume may be due to either a Henry-Gauer type
reflex (Gauer, 1963) or to the stimulation of selective natriuretic
peptides (Greenleaf, 1985). Later reductions in plasma volume could
result from a redistribution of water between various body fluid
compartments, or from potential alterations in protein, electrolyte
or hormonal regulations. The data in this study support a
multifactorial mechanism rather than a simple Henry Gauer reflex.

The diuresis in this study occurred during only the first 1 or 2 days
of bedrest (Figure 12), yet plasma volume continued to decrease
significantly for another 4-5 days before the plasma volume remained
relatively stable (Figure 4). This lack of correlation between the
changes in plasma volume and urine output under conditions of a
stable fluid intake, suggest that the later decreases in plasma
volume may have occurred at the expense of some other fluid
compartment. The higher urine osmolality on the first day of bedrest
supports the suggeston of the stimulation of a natriuretic factor
during the first days of a bedrest.

Whatever the mechanism by which plasma volume is gradually reduced
during bedrest, it is very rapidly recovered following bedrest.
Within 24-48 hours after the end of the bedrest protocol, the plasma
volume of the non-premarin subjects averaged only about 3% less than
their prebedrest plasma volume (Figure 5). Thus studies in which
post-flight plasma volume was estimated from blood samples drawn
several hours after return to normogravic conditions, may have
underestimated the plasma volume changes during weightlessness.

2) Effect of menstrual cycle on plasma volume changes during
bedrest

The effect of menstrual cycle stage on plasma volume changes
during bedrest was minimal, As seen in Figure 3, if a woman began
bedrest in the pre-ovulatory stage (stage 2) of her menstrual cycle,
the decrease in plasma volume at the onset of bedrest was postponed
for one or two days. Thereafter, plasma volume decreased rapidly to
the level of plasma volume seen in the women who began bedrest in
other stages of the menstrual cycle. If a woman reached the
pre-ovulatory stage of her cycle in the latter stages (days 7-12) of
a bedrest protocol, a temporary hemodilution occured, which again
disappeared within one or two days (see abstract entitled "Plasma
volume responses during bedrest in healthy women" Appendix 3). The
predicted retention of plasma volume in the luteal phase of the cycle
was sometimes, but not consistently seen in these subjects. The
plasma volume responses of the two subjects who took
estrogen-containing oral contraceptives were not different from the
.plasma volume responses of the non-premarin group. Thus only in
conditions in which blood estrogens were elevated in the presence of
low concentrations of progesterone did consistant plasma volume
retention occur,

3) Effect of bedrest on menstrual function

Bedrest presents both a physiological as well as a psychological
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stress to a woman, and stress is a well-known modifier of menstrual
function. Therefore it might be expected that menstrual cycles would
be altered during bedrest. The potential consequences of disruption
of normal menstrual function during weightless conditions are poorly
understood. Indeed, the consequences and the choice whether to treat
menstrual dysfunction during other stressful conditions (athlete's
ammenorrhea) are currently under debate (Loucks and Horvath, 1985).
During exposure to long-term weightlessnss, a cessation of menstrual
function potentially could have serious consequences. A decrease in
blood estrogen levels could potentially accelerate the bone mineral
loss in women astronauts. Although this study did not directly
address the problem of menstrual function regulation, it was noted
that for the 6 "normally cycling women" in whom daily hormonal
samples were obtained during bedrest, two of these women had evidence
of luteal phase deficiency. However, the conclusion that the bedrest
protocol specifically produced this menstrual irregularity cannot be
drawn, since control endocrinological data were not obtained from
these two women during non-bedrest conditions.

4) The potential for lower leg edema following bedrest

The potential for lower leg edema following exposure to
weightlessness was emphasized in a review article by A.R. Hargens
(1982). He demonstrated that the interstitial fluid pressure in the
lower legs of male subjects decreased during head-down tilt as
interstitial fluid was shifted from lower body to upper body regionms.
Hargens suggested that "countermeasures may be necessary to maintain
precapillary-muscle tone during long space flight in order to prevent
swelling of lower leg tissues upon readjustment to Earth's gravity”.
To date however, there have been no published accounts of severe
lower leg edema following bedrest or spaceflight. In this study,
subject "A" developed edema in both lower legs which probably was a
consequence of her participation in the bedrest study. Upon
finishing the bedrest protocol and the postbedrest exercise tests,
this subject remained in the sitting position for a prolonged
interval (typing a term paper all night). It is possible that this
period of inactivity prevented the restoration of a normal venous
tone in her lower legs, resulting in blood pooling and excessive
fluid extravascularization. Similar conditions of inactivity may need
to be avoided following spaceflight to prevent this painful and
disabilitating experience. .

5) Effect of premarin to restore plasma volume during bedrest

In the original hypothesis, elevated blood estrogens were proposed
to be associated with body fluid retention. However from the results
of the two oral contraceptive users (who took pills containing
synthetic estrogens and progestins), and because of the greater
hemodilution seen during cycle stage 2 (pre-ovulatory) rather than
during cycle stage 3 (early luteal), this initial hypothesis was
modified to now predict fluid retention in conditions of elevated
blood estrogens only in the presence of low blood progesterone. The
estrogen supplement used to test the hypothesis was premarin, a
natural estrogen supplement which has been used for estrogen
replacement therapy. Premarin tablets administer about 48% estrone
sulfate, 26% equilin sulfate, and 26Z other hormones. One hour after
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ingestion of a 1.25 mg tablet, total estrogen concentrations should
be elevated in the following proportions, 87% equilin, 8% estrone,
and 5% 17-beta estradiol (Whittaker, 1980). One disadvantage of
premarin administration is that, although total estrogens are
significantly elevated, the most biologically active human estrogen
(17-beta estradiol) is only moderately elevated (in our study,
17-beta estradiol was elevated in the plasma to 200-400 pg/ml).
However this moderate elevation in 17-beta estradiol is also an
advantage, since moderate levels may prevent many of the estrogenic
side effects, such as blood clotting and migrane headaches, reported
with estrogen treatment. In future studies however, a better
estrogen supplement may be low doses of estrace, which is pure
17-beta estradiol. |

It is clear from the results shown in Figure 4, that the premarin
administration was effective in restoring plasma volume during
bedrest. During the first 2 days of bedrest, the plasma volume
response of the premarin group was similar to that of the
non-premarin subjects. Thereafter, the loss of plasma volume was
attenuated and then reversed. The mechanism by which premarin
restored plasma volume during bedrest is uncertain. Although the
urine losses in the premarin group tended to be less than in the
non-premarin group, there was much variability in subject responses
and no significant differences were seen between the two groups for
urine loss, fluid intake, or the difference between fluid in and
fluid out. The concentration of blood electrolytes and total protein
in the two groups during bedrest were similar, thus not only was
water retained by the premarin action, but also electrolytes and
proteins. ’

6) Changes in red cell volume during and after bedrest

A decrease in red cell mass has been reported following both US and
Soviet space flights, The Skylab data indicated that once a loss of
red cell volume is triggered, it may continue for as long as two
weeks after the cessation of the flight (Nicogossian, 1982). The
precise mechanism for the decrease in red blood cells has been
variously postulated to involve an inhibition of new red cell
production through decreased erythropoietin release and new red cell
formation, increased intravascular hemolysis, or sequestration of the
red blood cells (Nicogossian, 1982). Red cell mass was determined in
this study with a Technetium radioisotope labelling technique. One
advantage of this method is that the half-life of the label is short
enough that eight repeated measurements could be obtained at 2-week
intervals during this study. During a single bedrest, the red cell
mass decreased 4-77 in these women although this difference was not
significant (Table 4). Prior to the start of the second bedrest
(with about a 4-week recovery), the red cell mass was not completely
restored to the prebedrest 1 level. A further 4,47 decrease in red
cell mass occured during bedrest 2, resulting in significant
accumulative reduction from the prebedrest 1 value. This reduction
in red cell mass persisted and increased during the next 2 weeks of
ambulatory recovery. Although these results shed no new light into
the possible mechanism of the decrease in red cell loss, it is clear
that this response is not rapidly reversible (as the plasma volume
response), and that accumulative effects are seen with repeated



bedrests, which are separated by 4 weeks of recovery.
7) The effect of repeated bedrest

One unique aspect of this study was that repeated identical
bedrests were performed, with the duplicate bedrests separated by a
3-4 week period of ambulatory recovery. (In previous studies in which
repeated bedrests were performed, some alteration in the bedrest
protocol, ie. exercise intervention, precluded direct comparision of
the results from the two bedrests). Several small differences
between responses measured during the first and second bedrest were
seen in this study. First the decrease in plasma volume during the
second bedrest was only about 60% of the decrease in plasma volume
seen during the first bedrest. Although the starting plasma volume
was slightly smaller during the second bedrest, the average plasma
volume remained higher than the bedrest 1 values througout-the last 8
days of bedrest (Table 5). Also, smaller increases in plasma
osmolality and total protein concentration occurred during the second
bedrest (Figures 6 and 8). These results suggest the interesting
possiblility that there is an adaptation of the body fluid responses
with repeated bedrest. Possibly, during the initial bedrest
exposure, a redistribution of fluid or proteins occurred between body
fluid compartments, such that there was an increase in the volume or
capacity of the interstitial compartment even in the presence of a
reduction in the plasma compartment (Greenleaf, 1982). The mechanism
which altered the distribution of fluid between the interstitial,
plasma and possibly intracellular compartments, might involve
alteration in the local tissue metabolism of these fluid
compartments, or an alteration in the protein composition or content
(reminesent of Senay's theory (1972) of how heat acclimation alters
the regulation of plasma volume). Following the first bedrest, these
body fluid alterations may have been retained until the start of a
second bedrest and been responsible for the smaller disturbance of
body fluid balance during the second bedrest, ie an increase in
prebedrest interstitial volume could function to maintain plasma
volume. Thus a peripheral tissue body fluid "adaptation” may occur
with repeated weightless exposures. Alternately, a "central"
modification may occur with repeated bedrests. The redistribution of
blood volume into the thoracic regions during the first bedrest could
somehow result in a decrease in the sensitivity of blood volume
receptors, resulting in an attenuation of the bedrest-induced
diuresis during the second bedrest.

B) MAXIMAL EXERCISE RESPONSES FOLLOWING BEDREST

1) Difficulty in obtaining VO2 max following bedrest

Measurements of maximum oxygen consumption (V02 max) are often
interpreted as a measure of aerobic capacity, and when corrected for
body mass, is an indication of aerobic fitness. In order to
accurately determine an individual's V02 max however, conditions must
exist in which the subject is able to exercise to an intensity at
which oxygen transport is the limiting factor. If the active muscle
mass is too small, local muscle fatigue occurs before the maximal
aerobic capacity is reached. Evidence of the attainment of a true
aerobic capacity is the presence of a plateau in oxygen consumption
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with further increase in exercise intensity.

Prior to bedrest in this study, the subjects were able to exercise
to their maximal aerobic capacity. Following bedrest however, the
criteria for V02 max was seldom obtained, and thus the postbedrest
values are referred to as the "peak VO2," 1In this study it is
unclear what is the primary factor which limits peak V02 after
bedrest. Potentially, the loss of muscle tone during the bedrest
might limit the working capacity of the leg muscles. Thus during the
VO2 max testing after bedrest, the exercise performance was limited
by this local muscle fatigue rather than by a true aerobic capacity
limitation. Thus following bedrest without muscle training, it might
be impossible to test the decrease in maximal aerobic capacity.

2) Comparison with data in the literature

Previous studies in the literature which claim to have measured V02
max or peak V02 changes before and after bedrest report decreases in
the range from 17 to 31% (Miller, 1965; Saltin, 1968; Taylor, 1949).
The responses of 8 women following bedrest averaged 9.7%2 following 17
days of bedrest (Convertino, 1977). The decreases in V02 peak
(ml/kg/min) which were measured 24-48 hours after the end of bedrest
in the present study, averaged 10% and 5% following bedrests 1 and 2
for the non-premarin group, and 257 in the premarin group. The range
of decrease in peak V02 following bedrest however was great; all the
way from no decrease following bedrest to a 312 reduction. Some of
this variability may have been related to the experiences of the
women during the submaximal exercise tests on the previous day.
Subjects who fainted following the submaximal exercise tests appeared
to be more cautious and refrain from "going all out" during the post
bedrest VO2max test.

3) Lack of influénce of premarin treatment

Premarin did not significantly alter VO2 max during the control
tests or the decrease in V02 peak seen following bedrest (Table 8).
This is not an altogether unexpected finding as the decrease in
plasma volume which occurred in the non-premarin group was almost
completely restored by the time the maximal exercise test was
performed. For most subjects, postbedrest VO2 peak was determined on
the same day that the postbedrest plasma and red cell volume was
measured, which was 24-48 hours after the end of the bedrest. Figure
5 illustrates that at this time, the plasma volumes in both the
premarin and non-premarin groups were not significantly different
from the prebedrest values, Thus if the absolute decrease in plasma
volume during bedrest has any effect on the decrease in V02 peak,
this effect would no longer be present at the time of testing in this
study., In addition, it would not be expected that alterations in
plasma volume alone, without significant alteration in red cell
volume, would alter significantly VO2 peak (Kanstrup and Ekblom,
1982).

4) Lack of correlation between V02 max and the % decrease in V02
peak

One hypothesis which has been recently tested (Greenleaf, 1982b)
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is that a greater reduction in V02 peak occurs in fit subjects than
in unfit subjects following bedrest. Positive correlations between
prebedrest VO2 max and the % decrease in V02 peak have been reported
in several studies which examined the responses of male subjects
(Chase, 1966; Saltin, 1968; Convertino, 1977). Very little data is
available from women (Convertino, 1977), and the correlation found in
one study was very low (-0.38). In the present study similar low
correlations for this relationship (-0.12 to -0.48) occurred in the
non-premarin bedrests. This result may have been due to the narrow
range of prebedrest fitness values (28-45 ml/kg/min). Another
contributing factor may have been that the exercise was performed in
the upright posture, which according to Greenleaf et al (1982b)
presents an additional complicating factor in the determination of
V02 peak following bedrest as there are hypothesized differences in
blood pressure regulation with differing fitness level. The postitive
correlations between prebedrest VO2 max and Z change in VO2 peak have
been reported from studies in which postbedrest VO2 peak tests were
performed in the supine position.

C) SUBMAXIMAL EXERCISE RESPONSES FOLLOWING BEDREST

1) What limits exercise tolerance following bedrest?

The submaximal exercise responses following bedrest would be
expected to be reduced because of several concurrent effects. First,
deconditioning would be expected to alter the cardiovascular and
thermoregulatory responses that were studied. The average prebedrest
V02 max results for the non-premarin and premarin groups were 2,24
and 2.41 liters/min, respectively (a non-significant difference).
Exercise intensities for the submaximal tests were calculated to
require an oxygen consumption of about 70%Z of each subject's
prebedrest V02 max. The actual oxygen consumption of each woman
during the submaximal exercise was determined during the control
tests, and found to average 68 + 1.3%2 VO2 max for the non-premarin
group, and 69 3 2.7% for the premarin group. Since the average
decrease in V02 peak was 11%Z in the non-premarin group, then the
postbedrest exercise test was performed at an exercise intensity of
approximately 76.5% VO2 peak. For the premarin group, the average
decrease in V02 peak was 22%Z (non-significant from the non-premarin
group because of the great variability in responses), and would have
resulted in an exercise intensity of about 88.0% VO2 peak during the
post bedrest test., Although the decrease in aerobic capacity was
probably not as great as suggested by the decrease in V02 peak
following bedrest, the postbedrest exercise was likely performed at a
significantly higher relative exercise intensity.

Secondly, in order to assist in subject recruitment, this study was
performed during the summer months. Thus during bedrest, it is
possible that changes in the state of heat acclimation occurred,
which would affect the postbedrest thermoregulatory responses. The
magnitude of this effect would be expected to be very small in this
study, as all subjects were employed in jobs in which they worked in
air conditioned buildings, and none were athletes or consistently
exercised out-of-doors. No significant difference was seen in the
thermoreguatory data between control and prebedrest responses where
the control tests were performed at the end of the study (late August
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and early September) in year 1, and at the beginning of the study
(end of May and early June) during years 2 and 3.

Third, the decrease in plasma volume which normally occurs during
bedrest would be expected to significantly alter cardiovascular,
venoconstrictor (Fortney, 1983) and thermoregulatory (Fortney 1981)
responses during exercise.

Finally, a loss of venoconstrictor tone during bedrest might result
in greater blood pooling in lower body regions, decreasing cardiac
return and thus exerting effects similar to the responses seen with
hypovolemia. : : : »

All of the above effects would be expected to influence the
submaximal exercise responses in this study. However, the magnitude
of the effects due to losses of training, heat acclimation and venous
tone would be expected to be comparable between the varing bedrest
conditions. Any change in the cardiovascular or thermoregulatory
responses caused by the decrease in plasma volume during bedrest
should be evident from comparisons of the responses of the
non-premarin (who had a 19.9 Z decrease in plasma volume during
bedrest) and the premarin subjects (plasma volume decreased only 0.2%
during bedrest).

2) Body Fluid Responses during Exercise

In 1969, Hyatt et al proposed that at least part of the postbedrest,
orthostatic intolerance during tilt was due to a greater loss of
plasma volume during the tilt. They speculated that during bedrest
the extravascular compartment become dehydrated, and during
post-recumbancy tilt, a large transudation of plasma water occurred
into the leg tissue spaces. The resultant decrease in plasma volume
during tilt would then account for some of the decrement in stroke
volume and cardiac output seen after bedrest. It is now known that
the extracellular compartment is not dehydrated during bedrest, and
thus this mechanism for a greater plasma water filtration after
bedrest seems unlikely.

Moderate cycle exercise in a warm environment is also a stress in
which decreases in plasma volume occur (Harrison, 1985). Thus if
Hyatt's theory is correct, perhaps a greater loss of plasma volume
would occur during exercise following bedrest than during the
prebedrest tests. In this study, plasma volume decreased during all
of the submaximal exercise tests, but the Z loss of plasma volume was
similar in pre and postbedrest tests (Figure 16). There was no
evidence of an increased extravascular fluid loss which may have
contributed to the greater cardiovascular and thermoregulatory strain
seen in the postbedrest tests. Indeed in the non-premarin group, the
same relative decrease in plasma volume occurred in the pre and
postbedrest tests, despite the different absolute plasma volumes at
the start of the exercise. This suggests that in the hypovolemic
condition (postbedrest), a smaller rather than a greater, absolute
loss of plasma volume occurred.

3) Cardiovascular responses following bedrest

77



The cardiovascular responses were altered significantly in all
postbedrest exercise tests. Heart rates were higher at all exercise
times and stroke volumes were lower during the postbedrest exercise.
The increase in heart rate was able to compensate for the lower
stroke volume in these tests, and cardiac outputs were not
significantly lower postbedrest. For all but one subject, the
criteria for shortening a postbedrest exercise test was the
attainment of a heart rate of 95% of the prebedrest maximal heart
rate value (one subject was stopped early because of a high core
temperature). In the non-premarin group, we first speculated that at
least part of the elevation in exercise heart rate and reduction in
stroke volume was due to the significantly lower plasma volume during
the postbedrest test, which presumably would limit cardiac filling.
This expectation was based on the similar changes in cardiovascular
responses seen in a previous study (Fortney et al, 1983) in which an
jdentical exercise protocol was employed to compare the
cardiovascular responses of men during normovolemic exercise, and
exercise in which plasma volume was reduced 15% with diuretics prior
to the start of exercise. Therefore we were surprised to find that
the cardiovascular responses of the premarin group were similar to
those seen in the non-premarin group following bedrest. The increase
in heart rate, and reduction in stroke volume and endurance time were
of a similar magnitude as the non-premarin group, despite significant
difference in plasma volume responses during bedrest. Thus a similar
increase in cardiovascular strain was seen in these women following
bedrest, and it appeared to be independent of the level of
pre-exercise hydration. -

4) Thermoregulatory Responses following Bedrest

Esophageal temperatures were higher at each exercise time in the
postbedrest condition for each subject group, while skin temperatures
were not different, Higher core temperatures would be predicted
during postbedrest tests, since the subjects exercised at a higher
relative exercise intensity (Saltin and Hermanson, 1966). Since core
temperature is the primary input for the control of sweating,
significantly greater total sweat loss might also be expected during
the postbedrest tests, when correction were made for the shorter
exercise endurance. However, following a decrease in fitness
(Roberts, 1977) or a decrease in plasma volume (Fortney, 1984),
‘sweating sensitivity is reduced. Thus for a given change in core
temperature, a reduced sweat production is ellicited. It has also
been shown that the threshold for the onset of sweating is influenced
by the degree of acclimation of the subject (Roberts et al, 1977).
Thus if a significant loss of heat acclimation occurred in these
subjects, the sweating threshold would have been shifted so that
sweating would to be initiated at a higher core temperature following
bedrest. Very few studies have examined thermoregulatory responses
following simulated weightlessness and a decrease in heat tolerance
during spaceflight could have important consequences for men
attempting to work in space,.

Greenleaf and Reese (1980) reported significantly higher increases
in rectal temperatures in men during submaximal exercise following 2
week bedrests. They suggested that this greater heat intolerance
could be due to combined effects of deconditioning and inhibition of
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sweating. The results of the present study confirm that core
temperature increases to a higher level during exercise following
bedrest. Part of the greater increase in core temperature
postbedrest, was probably due to the significant decrease in the
slope of the sweat rate/core temperature relationship (Table 13).
Such a change in sweating sensitivity would be expected because of
the bedrest deconditioning. However, the contribution of the decrease
in plasma volume to this decreased sweating sensitivity is difficult
to identify in this study, because of the variability and small
number of non-premarin subjects in whom local sweating records were
obtained. Three out of four of the non-premarin subjects, both oral
contraceptive subjects, and 6 out of 7 of the premarin subjects had
reductions in sweating sensitivity. '

In a previous study (Fortney et al, 1981), we postulated that in
conditions of hypovolemia, increased titers of anti-diuretic hormone
may be released which act either at the sweat gland to reduce sweat
output, or centrally in the hypothalmus to inhibit the output of the
heat loss thermoregulatory neurons. In this study, we found that
following bedrest the sweating sensitivity was significantly reduced
despite non-significant changes in blood ADH concentration. These
results would tend to present evidence against a role of blood ADH to
inhibit sweat gland function. However because of the small number of
subjects in whom local sweating records and plasma ADH were obtained
it is difficult to draw any firm conclusions.

5) Forearm Venous Compliance Changes after Bedrest

The decrease in orthostatic tolerance following actual or simulated
weightlessness as been variously ascribed to the reduction in blood
volume, reduced cardiac filling or muscle pumping, reduced arterial
mechanoreceptor activity, decreased responses of vascular muscle to
adrenergic neural activity, decreased skeletal muscle tone, decreased
vascular tone, or increased distensibility of the lower limb veins
(Levy and Talbot, 1983). That at least part of the orthostatic
intolerance is probably due to factors other than the decrease in
blood volume, is evident from studies in which the decrease in
orthostatic tolerance persisted following bedrests where plasma
volume was restored prior to orthostatic testing, by either oral
rehydration (Hyatt, 1977) or administration of a mineralocorticoid
(Bohnn et al, 1970).

One hypothesis in the present study was that following bedrest,
there might be an attenuation of the sympathetic venoconstrictor
response to exercise, The prolonged inactivity combined with a
reduction in the lower body vascular volume was predicted to result
in a relaxation of the vascular smooth muscle tone in the leg veins
and/or a decreased responsiveness to hormonal or sympathetic nervous
stimulation. In addition, the increased thoracic blood volume could
result in an attenuation of the low-pressure baroreceptor
responsiveness, resulting in delayed or unresponsive sympathetic
venoconstrictor reflex response., Bevegard and Shepherd (1966) first
demonstrated that during exercise, there is a sympathetic
venoconstrictor response which is proportional to the intensity of
the exercise challenge. Peripheral venous constriction during
exercise helps to prevent blood pooling and enhance cardiac filling.
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An impairment of these venous reflexes following bedrest would
reduce, not only orthostatic, but also exercise tolerance.

In the present study, following bedrest the forearm venoconstrictor
response to exercise was not significantly altered from the
prebedrest condition. There was no evidence of a delayed or
attenuated reflex venoconstriction, either at the beginning or at any
time during the exercise test. Instead, following each bedrest there
was a greater decrease in forearm venous compliance during exercise.
This increased postbedrest venoconstriction might have occured in
response to the increased relative exercise intensity (Bevegard and
Shepherd, 1965) or in response to the decreased plasma volume
(Fortney et al, 1983), at least in the non-premarin group. The
similar forearm venoconstriction between the non-premarin and the
premarin subjects suggests that either the decrease in plasma volume
during bedrest does not alter the venoconstrictor response, or that
significant blood pooling may have occurred in both groups following
bedrest to negate any beneficial affects of the relatively bigger
plasma volume in the premarin group. :

These findings of a "normal" exercise venoconstrictor reflex
following bedrest, agree with several other studies in which normal
sympathetic nervous responses were seen after simulated
weightlessness., Chobanian et al (1974) reported no change in
postbedrest pressor responses to norepinephrine and angiotension
infusions. The plasma catecholamine response to tilt also was
unaffected following bedrest and the apparent turnover rate of
norepinephrine was normal (Blomquist, 1983). Thus the superficial
venoconstrictor responses appear to be maintained following periods
of simulated weightlessness. However it is still possible that
significant pooling of blood may occur in splanchnic or in dependent
deep venous regions, such as in the lower legs. The deeper veins
have less smooth muscle and are not as richly innervated as the
superficial veins (Ludbrook, 1966). Thus the technique of measuring
forearm venous constriction may resolve only that the superficial
venoconstrictor reflex is maintained following bedrest, and may even
attempt to compensate for the increased blood pooling which may
simultaneously occur in dependent deeper veins. Therefore in the
present study, as long as the women continued to perform rhythmic leg
exercise, there was no problem of orthostatic intolerance. Only after
they stopped pedalling, and the muscle pump action was no longer
operative, was hypotension and fainting a common occurrence in the
postbedrest test.

VI) CONCLUSIONS

The following conclusions may be drawn from this study:

1) Young healthy women have a similar loss of plasma volume during
12-day horizontal bedrest as that reported in the literature from
men. In this study the decrease in plasma volume averaged 19.9Z7 after
bedrest 1, and 12.4% following the second bedrest in the same women.

2) Menstrual cycle stage has very little effect of the plasma volume
changes during bedrest. Just prior to ovulation there is often a
water-retaining effect, such that if a bedrest program begins at this
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stage of the cycle, the hypovolemic response may be delayed for one
or two days. Thereafter, plasma volume is decreased to a level
similar to that seen in other women who began bedrest in other stages
of the menstrual cycle.

3) Oral contraceptive usage (Ovulin 21 or Orthonovum) in two women
did not significantly alter their body fluid responses during
bedrest.

4) There was no correlation between the time-course of the decrease
in plasma volume and the increase in urine output in this study
during the first 5 days of bedrest, suggesting that the decrease in
plasma volume is not a simple Henry-Gauer reflex response,

5) Premarin, an estrogen supplement, resulted in a recovery of plasma
volume during bedrest and may therefore be used to establish a model
whereby the effect of the decrease in plasma volume during bedrest
may be separated from other bedrest effects. The premarin ingestion
alone did not significantly alter any of the exercise responses
studied (as determined from the control studies in the premarin

group).

6) Maximal exercise responses following bedrest were not altered by
plasma volume retention during the bedrest, were similar to those
reported in men following bedrest, and were not correlated to
pre-bedrest fitness.

7) Submaximal exercise responses were significantly altered following
bedrest. Exercise heart rates were higher, stroke volumes were
reduced, core temperatures were higher, blood lactates were higher,
and sweating sensitivity was reduced. Cardiac outputs, sweating
thresholds, and mean skin temperatures were not different from
pre-bedrest tests.

8) No change in the % loss of plasma volume during exercise occurred
between pre and postbedrest exercise tests, suggesting no change in
capillary permeability following bedrest.

9) Surprisingly, no significant differences were seen between the
postbedrest exercise responses of the non-premarin and the premarin
groups. Alterations of plasma volume of less than 19,927 before
normal ambulatory exercise tests, would significantly alter heart
rate, stroke volume, sweating, and body temperature responses in
normal ambulatory subjects., In the postbedrest condition, the
varying levels of hydration had no influence on these exercise
responses.

10) The sympathetic venoconstrictor response to exercise is not
significantly altered following bedrest.

VII)  RECOMMENDATIONS, DISCUSSION OF UNRESOLVED PROBLEMS, AND
PROPOSED COURSES OF ACTION

1) Lack of an increased risk to women in space because of differing
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body fluid responses. Need for further studies on menstrual
function.

From the results in this study, women do not appear to be at
greater risk than men during spaceflight because of differences in
body fluid responses to weightlessness. Although women generally
tend to have a smaller absolute blood volume, the decreases in plasma
and red cell volume found in this study were of a similar relative
magnitude as those reported in men. Thus the absolute decrease in
plasma volume in these women resulted in a % change in plasma volume
similar to the % changes which are reported to occur in men.
Menstrual function and oral contraceptive usage had very little
affect on the body fluid changes during bedrest. However further
studies are needed on the potential effects of weightlessness on
menstrual function. It is possible that some aspect of
weightlessness (changes in blood volume, protein population, blood
flow distribution pattern or organ perfusion, hormonal responses,
etc.) might alter normal follicular development and decrease estrogen
production, Further work is needed on the potential effects of
menstrual dysfuncion with decreases in blood estrogens, on bone
mineral losses during long-term exposure to weightlessness.

2) Further study of "fluid loading" countermeasures.

Several recent reports have been published about the success of
fluid replacement through the use of salt tablets just prior to
re-entry. While this treatment may be useful to prevent orthostatic
intolerance in resting subjects, its usefullness in preventing an
increased cardiovascular or thermoregulatory strain in men who must
perform physical tasks shortly after re-entry is unclear. From the
results of this study, following bedrest there was a severe
impairment in cardiovascular and thermoregulatory responses to
exercise, and these responses were not improved by preventing the
decrease in plasma volume during bedrest. The additional factors
(other than the decrease in plasma volume) responsible for the
decreased postbedrest exercise tolerance (deconditioning, blood
pooling, myocardial deconditioning) need to be further identified and
methods for their compensation developed. To do these studies, models
need to be developed in which weightless responses can be studied
both with and without the decrease in plasma volume. It could prove
useful to study effects of fluid replacement "acutely", just prior to
re-entry vs. "slowly", by maintenance of plasma volume throughout a
weightless procedure. Such a protocol might be useful to identify
certain mechanisms of orthostatic or exercise intolerance which occur
during spaceflight and are not rapidly reversible (ie. alteration of
baroreceptor sensitivity, or redistribution of fluid between body
fluid compartments). One could also evaluate potential negative
effects of preventing the weightless hypovolemia (ie. if plasma
volume was maintained at pre-spaceflight levels would facial
swelling, headache, increased central venous pressure and thus
cardiac preload occur) to determine whether plasma volume maintenance
should be a goal during spaceflight. -

Fluid loading "treatments" prior to spaceflight might also be

explored. Is it possible to alter the plasma, interstitial, or
intracellular composition prior to launch and minimize the
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alterations in body fluids which occur during spaceflight? Would
minimizing such fluid shifts reduce or prolong the initial

read justments to weightlessness? Would it alleviate the problems
during re-entry?

3) Potential adaptation to repeated weightless simulations

During the second bedrest, the changes in plasma volume and the
submaximal exercise responses were not as severely affected as during
the first bedrest, suggesting that some sort of adaption may have
occurred. Further studies could be conducted to confirm whether
brief programs of simulated weightlessness prior to spaceflight might
not decrease some of the discomfort experienced during an
individual's actual weightless exposure.
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Report to Human Volunteers Commitie concerning possible complications
resulting from continuous bedrest.

Project Title: Bedrest in Healthy Women: Effects of Menstrual Function
and Oral Contraceptives.

Principal Investigator: Suzanne Fortney, Assistant Professor, Division
of Environmental Physiology.

Subject Involved: Subj. A

Description of Incident:

Subj. A along with six other healthy, non-oral contraceptive pill users,
successfully completed the preliminary testing and the first 13-day bedrest
procedures. All of Subject »# preliminary values, including exercise
responses, blood volume, hematocrit, proteins, and electrolytes, were
within normal values and similar to the values of the other subjects.

July 9, 1982

Immediately after the bedrest protocolsubj. A performed a submaximal
exercise test without unforeseen complications.

July 10, 1982

A maximal exercise test was performed. No problems were reported, and
her maximum oxygen consumption was similar to the pre-bedrest value.

July 11, 12

Subj. A noticed swelling and pain in her lower legs and ankles but
did not contact anyone in the study.

July 13

Subj. A called my technician, Claudia Turner and reported pain in her legs.
She was asked to report to the exercise laboratory where she was examined
by Dr. Sol Permutt. Sol further referred her to Dr. Ko-Pen Wang of the
Johns Hopkins Hospital in the Division of Respiratory Medicine. Dr. Wang
is an individual not directly involved in this study. He reported swelling
in both ankles, the right ankle more than the left, but no pain or redness.
His impression was that there may have been a mild phlebitis in her right
foot and recommended that she continue her usual activities. He felt that
anticoagulant therapy was not indicated.

Experimentation on all subjects was cancelled until a full evaluation of
subj. A responses could be made.

Each subject was contacted to see if they reported similar symptoms.
One subject, Subj. B , reported pain in her lateral thigh. She
was examined by Dr. William Beckett by tests of impedance phlebography of
both legs, and by plain x-ray of the right leg and hip. His conclusion was
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she may have experienced a slight muscle $train in the right thigh.

July 14, 1982

Dr. Beckett contacted subj. A.and asked to perform an impedance
phlebography test to screen for venous occlusion. Although Subj. A
had reported to work in the morning, she left early because of a
headache and had to postpone the impedance procedure.

July 15, 1982

Dr. Beckett examined gsubi. A legs which now had only bilateral trace
edema, with no pain or redness. The results from an impedance phlebography
test were normal.

July 26, 1982

A meeting was held of a special medical advisory committee composed
of Dr. Warren Summer, Dr. Peter Terry, Dr. Harold Menkes, Dr. Bill Beckett and Sol
Permutt. The following conclusions and recommendations were made --

1) It is still unclear what triggered the swelling following bedrest in
Subj. A Dr. Summer and Dr. Terry thought that the course of the swelling
did not suggest clinical deep vein thrombosis, but the possibility of

a mild episode of blood clotting could not be ruled out. Another X
possibility discussed was that muscle tissue damage produced by the severe
exercise after prolonged muscle disuse: may have caused fluid accumulation
in the lower legs.

2) Because of the unexplained reaction to the bedrest procedure it was
recommended that Subj. A should not repeat the bedrest. However, because

of the importance of further information about possible side-effects in

other subjects who may also have a similar predisposition to leg swelling
after bedrest, it was recommended that Subj. A be allowed to continue with

all other aspects of the study - exercise and blood volume tests at various
stages of the menstrual cycle. She should not be penalized monetarily because
of not completing the bedrest protocol.

3) Each subject will be contacted and informed of the reactions reported by
subj. A and advised of the possible risk of a similar reaction. The consent
form will be altered to include special mention of an increased risk of

blood clotting or leq swelling following bedrest. Each subject will be asked
to sign the new consent form.

4) Careful monitoring of leg size during and after bedrest was advised durinq
further testing. Leg circumference will be measured on alternate days

during bedrest, and during the first five days of recovery following bedrest.
Venous occlusion plethysmography on a lower leq will be performed on each
subject at rest prior to the submaximal exercise tests both before and after
bedrest. This test may determine whether there is significant loss of venous
tone specifically in the lower legs.

(continued)
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5) If in the future a subject complains of leg swelling following bedrest,
"~ a 10cc venous blood sample will be obtained to determine plasma creatine
phosphokinase levels., Thus we can test for the presence of possible
muscle damage which may account for leg swelling. Impedance phleboaraphy
will also be performed to test for venous occlusion.

6) The initial medical history of all future studies will include specific
questions addressing the occurance of blood clotting disorders in the
potential subject or her immediate family.

7) Anticoagulant therapy in future studies was discussed and discouraaed.
This option was also considered prior to the start of this study and
rejected because there is no information present about the efficiacy of
administration of heparin to normal subjects during prolonged bedrest,
and because of the increased discomfort and added risk of frequent
injections (twice a day). A NASA consultant (Dr. Peter Bungo) who has
participated in bedrest studies aareed that anticoaqulant therapy is
inadvisable during bedrest in healthy individuals. Elastic stockinas
and leg exercise during bedrest were ruled out because these procedures
may alter the blood volume responses being studied in the protocol.

Leg massage was recommended if subjects complain of leq cramping or tinaling
during bedrest.

8) The consent form should also point out the additive risk of blood clotting
in subjects who use the pill and perform bedrest. Subjects who take oral
contraceptives have been shown (Am. J. Epidemiol. 90, 365) to have a

4.4 fold greater risk of pulmonary embolism than non-pill users. This
additional risk must be added to the risk of blood clotting induced in the
bedrest protocol. (No data is available to evalute the risk of blood
clotting in normal healthy individuals confined to bed). Presumably, the
risk lies somewhere between the statistics of risk in normal ambulatory
women of child bearing age who suffer from blood clots in the legs, about
.22 percent/yr (JAMA 219:583); and women who suffer thrombosis in un-
complicated but major surgery, 2% for deep vein thrombosis.

9) In summary, this particular subject was considered to be at increased
risk to repeat the bedrest portion of this study and will be asked not to
repeat bedrest. All other subjects will be advised of the possibility of
lower extremity swelling following bedrest. Although critical data has
already been lost pending the decision of the medical advisory committee,

it is recommended that the study continue on schedule as determined by

the menstrual cycle of each subject and the scheduling difficulties of the
bedrest procedure.
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The JOHNS HOPKINS UNIVERSITY
. SCHOOL OF MEDICINE
and
THE JOHNS HOPKINS HOSPITAL

BALTIMORE, MARYLAND 21208

Joint Committee on Clinical Investigation

Please address reply to:
Administration 127 TEL. (301) 955-3008

School of Medicine
720 Rutland Avenue September 14, 1982

Arthur Bushel, D.D.S.

Chalrman, Committeé on Human Volunteers
4041 Hyglene

School of Hyglene

Re: RPN Entitled: "Bedrest in Healthy Women: Effects of Ménsfrual
Functions and Oral Contraceptives"

Dear Art:

Thank you for the report of possible complications in the conduct of
the above-referenced research project.

Although phlebitis would be the most worrisome complication, the
descriptions of the patients difficulties are not significantly detalled to
permit any value Judgement on that point. Certainly the studles with -
impedance plethysmography were performed at a stage when the process was
obviously resolved or resolving. My only suggestion for the future would be
that speclflic studies be Instituted promptly should this complication reoccur.
| suggest that the principal investigator contact Dr. William Bell, Division
of Hematology, to determine whether any of the studlies of fibrin split
products might not provide a more sensitive indication of thrombosls than
impedance plethysmography. As you know Dr. Bell's main research interest over
the years has been Intravascular coagulopathy.

! | would |ike to point out that the printing of the subjects name on
- the Inclident report, which receives wide circulation, is a violation of
! confidentiality. The patient's name is not In any way important In
~J determining the nature of the complication. Therefore, the name should be
‘v} deleted from ail communications regarding the reseach project, Its conduct and
any adverse effects.

Incerely youri7

Up

Thomas R. Hendrix, M.D.

‘3 Chairman - J.C.C.I.
A c/o 127 S$/M Admin. Bldg.
TRH: cap %m}}r .\\IQB;/' r
L b
S WHAY
v NN
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" EFFECT OF PROLONGED BEDREST ON LUNG VOLUME
IN NORMAL INDIVIDUALS
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J.E. Wilkerson and S.M., Fortney

Division of Environmental Physiology
School of Hygiene and Public Health
The Johns Hopkins Medical Institutions
Baltimore, Maryland 21205

Running Head: Lung function and bedrest
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William S. Beckett, M.D.
Division of Environmental Physiology
The Johns Hopkins University
School of Hygiene and Public Health
615 North Wolfe Street
Baltimore, Maryland 21205
(301) 955-3515
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ABSTRACT

Pulmonary function was assessed in supine subjects before, during and after.
three separate bedrest studies of 11 and 12 days duration. Forced vital capa-
city (FVC) increased during bedrest in each subject. Total lung capacity by
helium dilution was measured in one bedrest study and increased in each subject,
while residual volume and resting volume of the lung did not change. No change
in FVC vwas found in an ambulatory control group using identical measurement
techniques. Maintaining baseline plasma volume during one bedrest by the use of
exogenous estrogen did not prevent an increase in FVC, and decreasing plasma
volume with diuretics in ambulatory subjects to the same degree as seen in the
bedrests did not cguse an increase in FVC. We conclude that prolonged bedrest
results in a small, significant increase in maximum lung volume, and that this

change is not dependent on alterations in plasma volume.

INDEX TERMS: Pulmonary function, lung volume, bedrest

A2-3



Mechanical function of the normal lung may be altered by changes in the
gravitational environment or by altering the body's position within the gravita-
tional field (3,4,12,14,15). Within minutes of going from the upright to the
supine position, lung volumes in normal subjects decrease, the largest change
‘being in the residual wvolume of the lungs at the end of a maximal expiration
(17). These postural changes in residual volume (RV) and to a smaller degree in
the forced vital capacity (FVC) can be prevented by maneuvers designed to ob-
struct the transfer of blood from the legs to the upper body -- such as placing
tourniquets around the thighs (16). Such immediate changes in lung volume are
caused in part by flow of blood from the lower body into the chest; they are
considered static changes in lung mechanics, and have been assumed to persist
while the supine position is maintained.

Prolonged bedrest places the lungs at 90° to the usual upright relation to
the gravitational field for an extended period of time. It has been used-as a
model of a zero gravity environment to induce decrements in intravascular vol-
umes, orthostatic tolerance, and cardiovascular and skeletal muscular condi;
tioning such as those seen during zero-gravity spaceflight. Previous studies of
lung mechanics before and after prolonged bedrest have not detected significant
changes other than those seen immediately on lying down (9,19). The purpose of
the present studies was to re-examine whether lung function changes occur in
normal subjects during eleven to twelve-day bedrests.

Methods and Procedures

Eighteen healthy adults (Table 1) gave informed comsent to participate in

these studies; twelve in the bedrest studies, and seven in the ambulatory con-

trol and diuresis studies. Only one subject in the bedrest studies (number 8)
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L)

also participated in the ambulatory control and diuresis studies (number 14).
Informed consent was obtained from each subject, and the protocols were approved
by the Human Volunteers Committee of the Johns Hopkins Medical Institutions.

Before and after each bedrest study and before the ambulatory control
studies absolute plasma volume and absolute red cgll volume were determined by
radio;uclide dilution techniques (technetium labeled human serum albumin for
plasma volﬁme and technetium labeled autologous red blood cells for red cell
volume)., Subsequent changes in blood volume were calculated from alterations in
hemoglobin and hematocrit (10). In each study, subjects received one training
session for familiarization with the techniques of pulmonary function measure-
ment before the first control session.

L. Bedrest Studies

Subjects remained supine in bed for eleven days in the first two bedrests
(BRl and BR2) and for 12 days in the third bedrest (BR3). Subjects did not
exercise while in bed, and were limited to no more than 15 minutes in the seated
position per 24 hour period. .

The first two bedrests, using the same subjects (No. 1-6, table 1), were
conducted consecutively, separated by a four week recovery period. In BR3 a
comparable group of six subjects (No. 7-12, table 1) completed the identical
protocol except that each received daily oral estrogen supplementation
(Premarin, 1.25 mg) to maintain plasma volume under conditions where a spontan-
eous diureois of plasma volume would otherwise occur during the first few days
of bedrest, resulting in a persistenf lovering of plasma volume for the duration
of bedrest.

In each bedrest study, two sets of control pulmonary function measurements




were made on two days prior to the start of bedrest. Tests were repeaged daily
during bedrest (at epproiimately the same time of day), one day after the end of
bedrest, and after two weeks ambulatory recovery. All pulmonary function mea-
sureménts. including pre-bedrest control and post-bedrest recovery measurements,
were made with subjects in the supine position.

Daily 4 cc blood samples for calculation of plasma volume were taken with
free flowing technique at the same time each morning within one hour of pulmon-
ary function tests. Each sample was analyzed for whole blood hqnﬁglobin con-
centration (cyanmethemoglobin technique in triplicate), hematocrit (micréhe-
matocrit technqiue in triplicate), total plasma protein concentration (refrac-
tive index in quadruplicate), and plasma osmolality (freezing point depression
in duplicate).

Forced expiratory volume in the first second of expiratiom (FEVI) and FVC
were tested using a Stead-Wells survey spirometer and technique meeting the ATS
" Snowbird Criteria (1) each day during all bedrests. In BRl and BR2, the two
largest values of three acceptable spirograms were averaged to determine th;t
subject's FEV; and FVC fof a given day. In BR3, the single largest values from
three acceptable spirograms were used as the subject's FEV; and FVC for a given
day. All spirograms including pre- and post-bedrest studies were performed with
subjects in the supine position and were interpreted by the same reader. In BRIl
and BR2, single breath diffusing capacity of the lungs for carbon monoxide
(DLCO) vas measured by the method of Forster, et al. (11), and slope of phase
III of the single breath nitrogen washout test was measured by the method of
Craig et al. (7), with subjects exhaling at a rate of approximately 500 ml °* sec

1 jnto a direct-reading nitrogen analyzer. Records were traced on an X-Y
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recorder (Gould), and determinations were the average of two consecutive expira-
tory maneuvers. Maximal inspiratory pressure at FRC and expiratory pressures at
TLC were measured by the method of Black and Hyatt (2). In BR3 measurements of
the resting lung volume or functional residual capacity (FRC) by helium dilu-
‘tion, and total lung capacity (TLC) and residual volume (RV) by addition and
subtraction of spirometrically measured volumes from FRC (6) were made in addi-
’tion to meaﬁurementa of spirometry and diffusing capacity.

II. Ambulatory Control Study

Seven healthy adults served as ambulatory controls for the bedrest study.
(Anthropometric data for this group, subjects No. 13-19, are included in Table
1). All pulmonary function measurements of spirometry and diffusing capacity
were made in the supine position using the same technicians, technique and
equipment as is described under Bedrest Studies, above. Each subject performed
six series of pulmonary function tests over a period of nine to thirteen days.
Measurements were made at the same time each day, and subjects lay in the supine
position for forty minutes to ome hour before measurements were made.

III. Diuretic Study

Plasma volume was altered using diuretics followed by intravenous infusion
of isoncotic fluid in ambulatory subjects to determine the effect of plasma
volume change on pulmonary function.

Following the ambulatory control measurements, subjects No. 13-19 underwent
rapid reduction of plasma volume and total b;dy wvater over several days by
taking a diuretic (hydrochlorothiazide 25 mg plus triamterene 50 mg, every 12
hours). Subjects lay in the supine position for forty minutes to one hour prior

to measurements, and measurements were made at the same time each day. Samples
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of venous blood (5 ml.) were drawn each day with care to maintaining horizontal
position of the arm. Analyses of the blood samples were performed as described
above under Bedrest Studies., Diuretic treatment was continued until plasma
volume loss of 15% or more had occurred, (1-3 days on diuretic). On the last
day of diuresis, blood and pulmonafy function tests were performed before and
immediately after restoration of plasma volume by intravenous infusion of a
solution of 5 per cent human serum albumin suspended in isotonic saline and
warmed to 37°C, Diuretic administration was then stopped and measurements
repeated the following day.
Statistical Analyses

For the bedrest, ambulatory control and diuretic studies, each dependent
variable was tested by a one factor factorial analysis of variance with repeated
measures across time to determine if bedrest or diuresis caused significant
changes (alpha = .05) from control measurements. If the omnibus F indicated
significance then post-hoc testing was performed on the ordered means by the
Neuman-Kuels technique. Student's t-test was used to compare inspiratory '
pressures and expiratory pressutei before, at the end of, and after bedrest.

For the diuretic study the six ambulatory control determinations for each
lung function test and for plasma volume were averaged for use as the control
value for each subject, Immediate pre-infusion and one day recovery values were
tested together with the average control value for changes across time and daily
measurements of each lung function test were compared with that day's plasma

volume by least squares regression techniques. Pearson product-moment correla-

tion coefficients were calculated.
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RESULTS
L. Bedrest Studies

Figure 1 shows the rise in FVC and FEV; during both BR1 and BR2. During
BR1, fvc was significantly greater than control on day three of bedrest (P<.05)
‘and remained significantly elevateﬁ throughout bedrest with a maximum rise of
270 ml above control. Significant elevation persisted through the one day and
two week reéovery period. An increase in FVC was seen in each subjeﬁt during
BR1 and BR2. In the second bedrest FVC was significantly increased above con-
trol on day 4 (P<.05) with a maximum elevation 240 ml above control and remained
significantly elevated above control throughout bedrest and the first recovery
day. These increases in volume during bedrest represent 6% (BR1) and 3% (BR2)
of the mean control FVC,

The time course of increase in FEV; (Fig. 1) closely parallels the increase
in FVC seen in both BRl and BR2 indicating that the rise in FEVy is a volume
dependent flow increase. The ratio of FEV{/FVC did not change significantly
during bedrest. | | .

In BR3, FVC again increased significantly over control valugs by the third
day of bedrest, and remained elevated throughout the remaining days of bedrest,
(Figure 2). The maximum mean increase in FVC, seen on day 9 of bedrest, was
206 ml or 5.4 over control. To determine whether the increase in FVC see; in
the previous bedrests was due to increased ?LC. decreased RV or a combination,
lung volumes were measured in this bedrest u;ing helium dilution. Increases in
FVC and in TLC were seen in each subject during BR3. TLC was significantly
greater than control at the fourth day of BR3 and remained elevated above

control through the 12th day. The maximal increase in TLC was 180 ml over



control., One day and two-week recovery values were not significantly greater
than controls. The maximal inspiratory and expiratory pressures, an index of
respiratory muscle isometric strength measured at FRC for inspiration and TLC
for expiration, did not change significantly in BRl1 and BR2 comparing pre-
bedrest controls to the last day of bedrest and day 1 recovery.

Changes in D;CO did not follow a consistent pattern. When all bedrest
values for diffusing capacity were compared with all control values by analysis
of variance, they were found to be significantly lower. The mean decrease in
D;CO during BR1 was -1.7 cemin™lomBg=1 (P<.05) and during BR2 -1.65 ccwmin”
lmng'l (P<.002). However, day-by-day analysis of D;CO changes during bedrest
and recovery showed DLCO was significantly (P<.05) lower than controls only on
day 1 recovery in BRl, and on bedrest days 5 and 6 during BR2,

Figure 3 shows mean changes in plasma volume, total protein concentration
and osmolaiity during BRl1 and BR2, demonstrating the plasma volume diuresis
vhich. regularly accompanies prolonged bedrests. During the first bedrest the
mean plasma volume for the six subjects decreased a maximum of -20% (-487 mi) in
the first six days, and remained decreased from control values during the fol-
lowing days of bedrest., Similarly in the second bedrest, plasma volume de-
creased by -14% (-317 ml) during the first six days and remasined in this range
during the remaining days. Plasma volume was significantly lower than control
(P<.05) on days 2-9 during BRl and days 2-10 during BR2, At 24 hours after the
end of BRl and BR2, plasma volume had returned to control levels., Total red
cell mass decreased by a mean of -5.92 or -121 ml (not significant) during the
eleven days of BRl, and by -2.1% or -50 ml (not significant) during BR2. Com-

parison of the increase in FVC in Figure 1 with the concurrent fall in plasma
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volume in Figure 2 suggested an association between changes in total plasma
volume and FVC,

These observations motivated the measurements of FVC in studies using
slightly ditferent conditions. The first was a repeat of the bedrest studies
(BR3) under conditions identical to BRl and BR2 except that diuresis was inhib-
ited b‘y the use of exogenous estrogen. The second used controlled diuresis of
plasma volﬁme in ambulatory subjects, (diuretic study below). No significant
overall change in plasma volume occurred in the BR3 subjects taking estrogen,
while FVC and TLC increased significantly as noted above.

II. Diuretic Study

Oral diuretics used in ambulatory subjects produced decrements in plasma
volume in each of the seven subjects comparable to those measured during bed-
rest. The mean decrease i;l plasma volume in the seven subjects was -20.4%,
significantly lower than control (Figure 4). During this induced diuresis there
was no significant change in FVC compared with control measurements (Figure 4).
The maximal decrease in plasma osmolality vas -1% (-3 mOsm * 1~!) and maximal
increase in plasma protein concentration was 19% (+1.3 gm%). Infusion of the -
saline and albumin solution after diuresis was completed increased plasma volume
by a mean of 832 ml to 3% above control plasma volume. After reinfusion, mean
plasma osmolality was at 1% below control and plasma protein concentration at
102 above control. No significant relations_hip between plasma volume changes
and FVC, FEVy, or DLCO was detected by linea;' regression analysis of all con-
trol, diuresis, re-infusion, and one day post-infusion values. FVC and plasma
volume during diuresis are plotted against time in Figure 3. The lack of change

in FVC during diuresis is contrasted with the increase in FVC found during all
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bedrests (Figures 1 and 2),

DISCUSSION

The mechanical relationships of the static lung volumes requires that the
significant increase in FVC found in the three bedrest studies must result
.either from increased TLC, decreased RV, or a combination of the two. The
finding of increased TLC in BR3 with no significant change in FRC indicates that
all or most of the increased FVC is due to increased TLC.

Explanations for the increase in FVC and TLC can be divided into three
groups: increased neuromuscular force to intlate the lungs, increased chest or
lung compliance, or a change in the mechanical relationship of inspiratory
muscles to chest wall allowing more negative pleural pressures and greater
inflation of the lungs per unit of tenmsion produced by the inspiratory muscles.

Increased neuromuscular force may occur either through increased maximum
neural output to the inspiratory muscles or by augmentation of the maximum
" musclar force of contraction to maximum neural stimulation. Some studies of
spirometry in normal subjects have shown small increments in FVC on serial .
testing which are attributed to a training effect, with better performance
through familiarity with the procedure or conditioning of the inspiratory mus-
cles., Three findings of the present studies suggest that neither a learned
response in the performance of spirometry nor a muscle conditioning effect can
account for all of the observed increase in FVC, First, a significant increase
in FVC was found in BR2 in the same subjects already familiarized with the
procedure from each completing over 50 spirograms during the BRl measurements
several weeks before. Second, an increase in FVC due to conditioning of inspir-

atory muscles would be expected to be accompanied by increased isometric muscu-
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lar force, which would be reflected in increased maximal inspiratory pressure
when breathing against an occluded mouthpiece from FRC. No change in maximal
inspiratory pressure was seen ddting either BRl or BR2 in these subjects.
Third, when the same techniques of measuring supine.FVC wvere followed in a
similar group of ambulatory control subjects, no ;ncrease in FVC was found,
indic;ting that the measured increase in lung volume in the present studies was
related specifically to bedrest and not to a training Process.

Increased compliance of the chest wall or the lungs in the presence of
unchanged neuromuscular force would also result in increased FVC and TLC; Al-
teration in airway tone, interstitial vater, mechanical properties of the inter-
stitigm. or elastic properties of the chest wall as a result of bedrest alone
appears unlikely. Hpwever, changes in lung volumes due to alterations of cen-
tral vascular engorgement with blood, leading to alteration in pulmonary com-
pliance or a displacement of air spaces, may occur. Buono (5) has demonstrated
that increasing central vascular engorgement either by head-out water immersion
or by G-suit inflation to 80 torr abouf the calves and thighs of normal-subjects
results in decreases in FVC of -5 to -6% below control. Conversely, Potanin et
al, (18) have demonstrated increased vital capacity by applying -30 Torr lower
body negative pressure. Because a spontaneous diuresis of plasma volume during
bedrest was associated with increased FVC, it was suggested that a decrease in
central vascular volume associated with diu;esis might account for the increased
lung volumes. However, induction of a compa;able plasma volume loss by diure-
tics in ambulatory subjects did not alter lung volumes, indicating that a 20%
decrease in plasma volume is not alone sufficient to produce the changes in lung

volume seen in bedrest.

10
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Demonstration'of these changes repeatedly in the same subjects of BRl and
BR2, with a return toward control levels in the interval between bedrests, sug-
gests a gradual process independent of muscular force or stremgth. Without
change in either neuromuscular output or chest compliance, a shift in the ana-
tomic relationship of the inspiratdry muscles to the chest wall that improves
their mechanical advantage in generating lower pleural pressure without in-
creasing their maximum tension may have this result. Such anatomical adjust-
ments, occurring gradually over several days after the acute decrease in lung
volume on going from the upright to supine position, would represent an opposite
and approximately equal compens#tory change to the initial postural change in
lung volume. The present results would support such a hypothesis, but do not
indicate the mechanism for such a gradual compensation.

These changes were not seen 1n one previous study of pulmonary functionm in
four subjects during bedrest (8), although small non-significant increases in
FVC and TLC were found in another five healthy subjects after 20 days bedrest
(19). Our study of a larger number of subjects or the use of more consistent
measurement with subjects always supine may explain why these changes were seen
in the present but not the previous studies. |

In conclusion, a small increase in maximum lung volume (TLC) demonstrated
during prolonged bedrest in normal subjects appears to be a true alteration in

lung mechanics and not the result of decreased plasma volume alone.
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LEGENDS

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Mean forced vital capacity of the lungs (FVC) and mean forced
expiratory volume in one second (FEVI) for six subjects as a
function of time measured daily during pre-bedrest comtrol (C),
bedrest days 1-11, one day post-bedrest recovery (R1), and two
weeks post-bedrest recovery (R2)., Circles indicate days on which
values were significantly (P<.05) greater than control during the
first bedrest (BRl1), and squares days on which values were greater
than controls during the second bedrest (BR2) in the same six

sub jects.

Mean total lung capacity (TLC) forced vital capacity (FVC) and
residual volume (RV) of the lungs of the six subjects in the third
bedrest study (BR3). Circles indicate days on which volume was
significantly greater than control (P<.05). There was no signifi-
cant change in RV,

Mean values for absolute plasma volume (ml), plasma osmolality,
and plasma protein concentration (gmX) for the same six subjects
as a fun;tion of time during bedrest 1 and bedrest 2. Circles
indicate days on wﬁich values were significantly (P<.05) different
from controls during bedrest 1, and squares during bedrest 2.
Forced vital capacity (FVC, mean % S.E.M.) and absolute plasma
volume (PV, mean ¥ S.,E.M.) for seven subjects during pre-diuresis

control measurements, after diuresis (prior to re-infusion of

17
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plasma volume), immediately after re-infusion of plasma volume,
and one day after re-infusion. PV, but not FVC, was signifi-

cantly ditferent from control after diuresis.
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TABLE 1: Physical characteristics of subjects in bedrest 1 and 2 (No. 1-6), 3
(No. 7-12) and ambulatory diuresis (No. 13-19).

SUBJECT (No.) SEX AGE HEIGHT (cm) HEIGHT (kg)

(Bedrest 1 and 2)

1 F 27 168 57
2 F 27 155 75
3 F 24 166 59
4 F 26 161 50
5 F 36 172 60
6 F 23 175 66
Mean ¥ S.D. BRI 27 %5 166 ¥ 7 61 8
(n = 6)
(Bedrest 3)
7 F 23 166 57
8 F 33 173 68
9 F 24 158 47
10 F 28 161 57
11 F 26 169 74
12 F 24 178 68
Mean ¥ s.D. 23 ¥4 168 ¥ 7 62 29
(n = 6)
(Ambulatory Diuresis)
13 M 32 184 73
14 F 33 173 68
15 M 30 183 71
16 M 38 187 87
17 M 25 193 79
18 M 31 163 87
19 F 40 172 56
Mean * S.D. 33ts 179 %10 7%t
(n=17) '
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o ‘| netium-labelled red cells and albumin before and after bedres:
erence (AAL & AAP) Relative changes in plasma volume during bedrest and exercise
were determined from changes in hematocrit and hemoglobin con-

' centration. PV significantly decreased 18.5 =+ 5.8% during
Toe bedrest 1 (BR1), and 9.5 = 4.6% during the second bedrest (E:.

without significant changes in RCV or plasma osmolality. Dur-
ing pre-bedrest exercise, PV decreased 13.3 = 1.3 and

ercise 12.6 + 1.3% and 9.3 + 1.0 and 10.4 + 4,32 following bedrest.
vitational thSiOIO,T Although the % loss of PV was similar during exercise, the a:-

ood volume regulatio solute loss was less post-BR. We conclude that although BR re-
Title sults in hypovolemia, specific effects of BR on the control o
PV during exercise are minimal. (Supported by NASA).
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PLASMA VOLUME RESPONSES DURING BEDREST IN HEALTHY WOMEN -
S. Fortney, H. Drew, and N. LaFrance T
The Johns Hopkins Medical Institutions

Decresses in plasma volume (PV) occur during
spaceflight vhich could potencially compromise an
astronaucts' blood pressurc maintenance during re-
entry. Such losses of PV are usualiy attributed
to & cephalic shift of body water during low
gravity exposure, and subsequent stimulacion of
low=pressure baroreceptors which initiate a di-
uretic response (3). The purpose of this study
vas to critically examine PV responses in healthy
vomen during simulated weightlessness (bedrest).
We tested the hypothesis that the loss of PV
during bedrest (BR) is influenced by menstrual
" funetion, specifically by the water-retaining

properties of plasma estrogens.

Six women 23 to 37 years of age who did not
use oral contraceptives gave their informed com=-
sents and underwvent cwo lZ—Qay periods of en=-
forced BR, vhere each BR period was separated by
four weeks of ambulatory recoverv. A seventh
voman participated in the first bedrest (BRl),
but was prevented from participating in the sec~
ond bedrest (BR2) because she unexpiainably de-
veloped pronmounced lower leg edema a ccouple davs
after BR. The possibility of such co-nlications
following spaceilight was predicted recentiy by
Hargens et al. (1)

Bedrest procedures were timed to occur at

‘opposing stages of the menstrual cvcle for each
woman. MenstTual cycles wvere divided into four
separate stages where -

Stage 1 = cycle day 2 (day l=first day of
bleeding) until 6 days prior to ovulation
(ovulation was estimated from morning tempera-
tures and by counting back 14 davs from day 1).
This is a stage of low estrogens and progester-
ones.

Stage 2 = five days pricr to ovulation until
one day after ovulacion. Cluring this stage there
is & large estrogen peak while plasma progester-
ones remain low.

Stage 3 = two to 9 days after ovulation.
Estrogen and progesterone concentrations both
gradually increase.

Stage 4 = ten davs after ovulation until
cycle day 1. Esctrogens and progesterones grad-
ually decrease.

Each morning of 3R, a Izl venous blood
sample wvas drawn to deteraine relative changes in
PV during BR (from hezatvocrit and nemoglobin con-
centrations), total protein concencration (re-
fractometry), arnd plasma osmolality (freezing
point depression). Periodic lOcc blecod sa=ples
were drawn .to monitor blood estrogen and prog~-
esterone (radicizmunocassay), and morning tem=
peratures and personal diaries wvere obtained to
monitor menscrusl functica.

Prior to eack BR, and vithia 48 hours after
BR, absclute Red Cell Volume (RCV) and PV were
deter=ined using radicacziv: dilution technigues
wvith Techrnetiun (Tc)-labeil2d red biood cells
and Tc-labelled Humaa Serun Albunmin as e labels
respectively. Adsojute PV iuriag each cav of 3R
was calculated based on 2ue To-Jater—ined AV and
heratocrits odtained quring the pre-3R TC :test,

N Moty

PV Rt )

‘during the last 7 davs of BR (see Fig.2).

and on the hematocrits obtained on the first day
of BR.

The technetium test results are shown in the
folloving table. Red cell mass did not signific~
antly change during either 3R, although there was
a progressive tendency towards decTeasing levels
during the eight-week program. Plasma volumes,
which significantly decreased an average
17.4 + 2.1X during BRl and 9.3 + 1.7% during BR2,
vere not significancly different from pre-BR
levels 24-48 hours after BR. Such findings agree
with the rapid recovery of PV reported in earlier
BR studies (5).

Table } :
Plasma and Red Cell Volumes Before and Withip
48 hours after Bedrest (meanzS.E., n=6)
Pre-8R1l Post-3R1l Pre-BR2 Post-B3R2
1419257 1371252 1366237 1301z42

230532143 2247:107 2257:121 2324:72

During BR, blood hematccrit increased sig~
nificantly, plasma oscolal:cy remained unaltered,
and total protein concentration increased sig-
nificantly during 3Rl but rot during BR2 (see
Fig. 1)

TOTAL PROTEIN (goa’)

- IR R SRR

PLASMA OSMOLAL.TY
imesmme. 4g*)

«=DAYS OF ALONCS” e
1 2 3695 679 890" 2

Plasma volume decreased raridly during the
first 4-5 days of BR, then remained fairly stable
Also
during BR, there was a net loss of Total Circul=-
atory Proteins (TCP=PV times the total prozein
concentration), and Tctal Circulatory Osanls
(TCO=plasma vater times plasaa osmolality).

1
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~—Asustrual cycle stage (seae Fig.l).

The loss (percent decrease) of PV during the
first five days of BR was analyzed in teras of
The loss of PV
during B3R days 1-5 wvas progressive and siowed a
simflar pattern for each voman who began 3] while
in meunscrual cycle stage' i, 3, or 4. However, in
the three wocmen who began Ba while in cycle stage
2, there was a transient attenuation in the loss
of PV. Illustrated in Figure ) are the relative
losses of PV in the six vomen during 3R2. The
dotted lines illustrate PV resvonses for :ha 3
vomea iz stage 2, vhile the solid lines rercesent
PV responses ior the other three women..

' During BR1 none of the vomen vere in stage 2,
and all bad PV responses similar to the sclid
lines in Figure 3.

Q 1 F] 3 - s
DAY OF BEDREST

Next, PV data from BR davs 5-12 vere analyzed
in terms of menstrual stage. The effect of 3R on
PV at this period vas minimal (see rig.2). Dur-
ing the last 7 davs of BR, ovulatiom occurred
during six BR periods. Figure 4 illustrates the
PV responses in these vomen, where dars 0-6 re-
present the seven days prior to ovuiation with
day O calculated as ovulation. Fluctuations in
PV vere calculated bv sudbtracting the cean PV for
3 given subject during each 7-dav period, irom
her daily PV. The data were centered in this
manner in order to adjust for differing absolute
levels of PV among subjects, thus enabling visual
comparison of changes in PY during the days pre-
ceeding ovulation. For each subject, a transieat
increase in PV occurred ia this interval before
ovulation. These changes in PV were analyzed
through a two-way analvsis of variance, vhere ob-
servations vere classified by sudject and oy day
pPrior t> ovulation. Inspection of the data sug~-
gested testing for a quadratic response (i.e., a
temporary fluctuation Srom ocaseline) in this ige-
terval before ovulation. The calculated F-value

N

of 4.36, based on 1 and 30 degrees of freedom,
P < 0.0S.

A

vas significant with
e 4

Fiucuations i PV

+ in most womzen.

@ .
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Ve began this study with the hypothesis that
elevated blood estrogens, just prior to, and after
ovulation would attenuate or reverse the decreases
in PV seen during 3R. We postulated that as long
as blood estrogen concentrations were elevated,
their vater-retaining properries would oppose the
diuretic eifeccs of BR. We failed however to
account for the transient nature of the water-
retaining properties of estrogens. Several au-
thors (3, 4 ) have studied the effects of estro-
gens on body fluid responses. Estrogen admine
iscration consiscently results in a reduction in
urinary excretion of sodium and chioride and re~
duces urinary voluze. Preede and Aitken (4) stud=-
ied urinary excretion during eight davs of daily
injections of estradiol in wvomen. While there was
an increased wvater retention during the first five
days of treatment, on the sixth day the kidney
"escaped" from the effects of estradial, and a
diuresis occurred. Such an escape pnenomena may
help to explain why only transient changes in PV
occurred in this study during pariods of expected
prolonged elevation is blood estrogens. Thus the
vater-retaining efiects of estrogens vere only
evident during menstrual cvcle stage 2, where an
initial large, transient rise in estrogens oJccur
During s:ages ) and 4, the smali-
er, and slower rise in estrogens was much less
effective in preventing the decrease in PV assoc=
iated wvith BR.

Ia conclusion, the overall PV responses saen
in these women during 3R wvere of a similar zag-
nitude as that repertad for men during two-week
bedrest procedures (2). Only small transient
fluztuacions in PV occurred juet prior to ovula-

ionm which may have Seen due to the influence of
increasing blood escrogen titers. Therefore, the
protective (wvater-rtetaining) eifects of estrogens
on ?V losses during wveigntless conditions are
probably only small and cransient.

*The authors gratefully acknowledge the stacise

tizal assistance of Lawrence Moulton.
Supporcted by NASA.
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EFFECTS OF ALTERATION OF PLASMA VOLUME ON PULMONARY FUNCTION.
W. Beckett*, N. Vroman*, S. Fortney, and J. Wilkersonm.
The Johns Hopkins Medical Institutioms, Baltimore, Md. 21205

In a previous study of prolonged bedrest we demonstrated
a 15% decrease in plasma volume due to spontaneous diuresis,
concomitant with a statistically significant increase in
forced vital capacity (FVC) of about 200 ml and decrease in
diffusing capacity of the lung (DyCO) of 2 cc/min/mmHg during
the first 3 to & days of bedrest. Both changes resolved
rapidly after bedrest. These findings suggested that de-
creased pulmonary vascular volume might account for these
changes- by increasing lung compliance and decreasing capil-
lary perfusion. In the present study we tested the hypoth-
esis that changes in plasma volume can cause alterations in
lung function including FVC and D CO. Control total red cell’
and plasma volumes were measured by radionuclide dilutiom in
seven healthy adults. Control measurements of hematocrit,
hemoglobin, protein concentration and osmolality, FVC and
D;CO were taken after one hour supine rest on six normovol-
emic control days, following plasma reduction with diuretic,

".and after plasma volume restoration by infusion of an iso-

‘tonic saline and albumin solution. Plasma volumes calculated
from hemoglobin and hematocrit decreased by a mean of 20%
during the diuresis, while protein concentration and osmol-
ality were not changed by diuresis or infusion. FVC and DL CC
did not change significantly from controls following either
diuresis or re-infusion of plasma volume. Thus changes in FVC
and D;,CO with bedrest are not due to decreased plasma volume.
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DEVELOPMENT OF TOLERANCE TO REPEATED BEDRESTIS. S.M. Fortney, W.S.
Beckett, and N.B. Vroman. Johns Hopkins Unmiv., Baltimore, MD 21205.
Intro: Deconditioning, as measured by reduction in maximum oxygen
uptake (VOoMaAX), usually occurs following exposure to weightless
conditions. We examined this deconditioning response following pro-
grams of simulated weightlessness (bedrest) to test for l)an effect
of a previous bedrest exposure on the deconditioning response to a
second bedrest, and 2)for a relationship between initial fitness
level and the degree of deconditioning following bedrest. Methods:
Twelve women, with VO,MAX from 26.3 to 45.C ml/min/ke, performed du-
plicate ll-day programs of horizontal bedrest. Each woman began the
second bedrest (BR2) about 6 weeks after the start of the first bed-
rest (BRl), and between bedrests resumed normal daily activicy. Oo:
MAX was measured before each BR, and after 1 day, 2 weeks, and 4
weeks of recovery from BR. VOZMAX was determined as no further in-
crease in VO; (42 ml/min/kg) with increase in exercise intensitv.
Results: One day after bedrest VO7HAX (ml/min/kg) decreased 10.0 =

2.5 per cent following BRl, and 4.0 * 2.3 per cent following BR2.

The decrease in VOZMAX was signiflcant (P40.002) following BRIl but
not following BR2 (P<0.12), despite almost complete recovery (to
within -0.9 + 2.4 per cent) of pre BRI VOZMAX level prior to the
start of BR2. The relationship between Pre-BR fitness (VOZWAX in
ml/min/kg), and the decrease in VOoMAX (per cent change between Pre-
BR and Post-BR VOZMAX) following BR, was not significant; where the
regression for this relationmship was Y= -0.49X + 8.3, R= ~),31., Con-
clusions: The observation that there was a smaller reduction in ¥0,

following the second bedrest {i.e., less deconditioning) indicates

the development of tolerance.
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1
i
* | Name and address for correspondence: I affirm that this is original work which will not
appear elsewhere before the meeting. | hereby grant
Suzanne Fortney, Ph.D. permission for the Aerospace Medical Association to
ta .
. School of Hygiene and Public Health pe record the verbal presentation (if a slide session) f
of the Johns Hopkins University
615 North Wolfe Street -7032
Baltimore, Maryland 21205
Wogt ‘Fgl?phone: y301-9 55=3515
1. Follow rules—including format—in Call for Papers on 6. Use the following format:
reverse side. a) Tit!e in CAPITAL LETTERS using significant, de- \
2. Submissions not meeting requirements will be rejected. scriptive words. )
3. Prepare abstract with care and submit ON THIS FORM. ) Authors (initials then last name) underlined.
Do not erase; use correction fluid when needed ¢) Institution where work was done. \
> ’ d) Indent first line of text by 3 spaces.
4. Type only within blue box. €) Rest of text is a single paragraph, single spaced, with {
5. Use electric typewriter with elite type or larger and only no photos, and no type smaller than elite. (Printing i
clear, black ribbon. reduction size will be 60% of original.) {
PLASMA VOLUME MAINTENANCE DURING BEDREST IN WOMEN RECEIVING i

THIS PAGE AND PREMARIN. S.M. .
5 PHOTOCOPIES OF mmmummmn‘lm

Johns Hopkins Medical Institutes, Balti ¥ d
THIS PAGE MUST ﬁfgf"“ ¢ forp stitutes, Baltimore, Karylan
NBQEVIEEMBERESBL INTRODUCTION: Decreases in plasma volume have been reported

in both men and vomen during simulated weight lessness (bedrest),
and are believed associated with the decrease in exercise 2nd
orthostatic tolerance followving spaceflight. In a previous study
ve reported an attenuation in plasma volume loss during bedrest
DO NOT FOLD!!! during the immediate pre-ovulatory phase, which we suggested may be
attributed to the water-retaining properties of estrogens in this

-~

MAIL FLAT!!!!! pbase of the menstrual cycle. In the present study, we further )
studied the effects of female sex steroids to prevent bedrest
hypovolemia. METHODS: Nineteen healthy women (21 to 39 yrs)

: undervent a 12-day horizontal bedrest. Plasma and Red Cell Volumes
mun wvere determined using technetium-labels before and after bedrest to
Pregram Cheirman verify red cell mass stability during bedrest. Daily plasna
Aerospace Medical As volumes were calculated from hematoerit and hemoglobin ratios.

sociation Twelve women did not receive estrogen supplement, vhile seven
Washingten National additional vomen received 1.25mg Premarin daily. S Plasma
w::mm DC 20001 volume significantly decreased by an average - 20.1 ¥ 3.9% betwveen
ATTN: Abstrocts the first and last day of bedrest in the non-premarin group, and

vas not reduced (+0.3 * 2,.8%) in the premarin users. CONCLUSION:
Premarin, an estrogen-contsining preparation, effectively prevented
the decrease in plasma valume associated with bedrest, and nay
serve as a useful model to study the role of the decreasing plasms
volume on post-bedrest responses. Supported by NAS9-16703
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TOTAL LUNG CAPACITY INCREASES DURING PROLONGED BEDRES
INDEPENDENT OF PLASMA VOLUME CHBANGES. S, Thompson Gorman., &k
Beckett, and S. Fortney. Johns Hopkins Stress.Physiolog:
Laboratory, Baltimore, MD 2120S.

We have previously shown that significant increases i

_forced vital capacity (FVC) of :prroxinately 62 occur whes

using prolonged bedrest as a model for spaceflight. In th:
present study, seven healthy adult females were studie:
during 12 days of bedrest to clarify the mechanism of thi:
increase. FVC, functional residual capacity (FRC), tota:

: lung capacity (TLC), residual volume (RV), and single breat:
- diffusing capacity for carbon monoxide (D;CO) were measure:

on two ambulatory control days, during each day of bedrest
one day post-bedrest, and after two wveeks recovery. Al.
tests were done with the subject in the supine position
Subjects received exogenous estrogen (1.25 mg/day). Plasm:
volume (measured immediately before bedrest by technetius
label, and calculated daily from hematocrit and hemoglobi
values) did not decrease significantly during bedrest as i
had in the previous studies without estrogen. A significan
(p < .05) increase in FVC occurred by the third day o
bedrest which persisted throughout the rest of the study
with a maximal mean increase of 206 ml (5.4%). TLC als
increased significantly by the fourth day of bedrest an-
remained elevated through day 12, with a maximal mes
increase of 180 ml. Post-bedrest TLC values were not signi
ficantly different from control at one day and two week
recovery. There was no significant change in D;CO, RV an
FRC. These results indicate that the increase in FVC is tb
result of an increase in TLC and not a2 decrease in RV, an
that these mechanical changes are not dependent on changes i
plasma volume, (Supported by NASA).
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FOREARM VENOCORSTRICTOR RESPONSES FOLLOWING BEDREST. LE. Davis.
N2, Yroman. C.G. z2ley. aod S.M, Peztney. The Johns Bopkins
Medical Institutions, Baltimore, MD 2120S.

INIRODUCTION, We have previously observed that simulated wveight-
lessness (bedrest) augments resting and exercise venoconstriction,
as measured by decreases in forearm venous compliance (FVC). This
wvas attributed to a low pressure baroreceptor reflex response to
bedrest (BR)-induced hypovolemis. The purpose of the present in-
vestigation was to determine if maintaining plasma volume (PV)
during BR wvould result in an attenuation of resting and exercise
venoconstriction. METHODS, FVC vas measured (venous occlusion ple-
thysmography) in 19 healthy vomen (21-39 yrs) at rest and during 30
ninutes of cycling (702 VO,max) in a varm environment (30°C, 402
RE) before and after BR. Seven subjects were given Premarin (P) to
prevent BR-induced hypovolemia, and 12 subjects received no
Premarin (NP). PV was calculated from hematocrit ratios and tech-
netium dilution determinations. RESULTS. PV, prior to exercise,
decreased after BR in NP (2389 to 1957 ¢ 317 ml) but not in P (2667
to 2337 £497 ml). Resting PVC vas reduced after BR in NP (3.72 to
2.97 £.8 cc/100ce) and in P (3.30 to 2.29 2.6 cc/100cc). Venocon-
striction during the first 10 minutes of exercise was greater after
BR for NP (2,18 to 1.64 +.7 cc/100cc) and P (2.14 to 1.21 +.6
cc/100cc). Although PV was maintained in P after BR, there was a
greater venoconstriction in P than NP at rest (3062 to 20.2% +8%)
and during exercise (44 to 252 +62). CONCLUSIONS. Venoconstriction
following BR is independent of PV suggesting that other varisbles,
e.g. peripheral pooling, may contribute to the greater venocon-
striction. Supported by RAS.9-16703,
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THE LACK OF AN AFFECT OF ELEVATED ESTROGERS ON EXERICSE
THERMOREGULATION. Fortpey, SM. JE Davis, AJ Carpenter. and
JA Rock. Jobns Hopkins Stress Physiology Lab, Baltimore, -
m.

One proposed explanation for the lower sweating response |
of women than of men, is that estrogens inhibit sweating. Te
test this hypothesis and to explore other potential estro-
genic effects on exercise responses, 5 women cycled with and
without 7-10 days pretreatment with a natural estrogen sup-
pPlement, 1.25 mg premarin per diem. Rach subject exercised
(702 VO2max) for 30 minutes in a warm (30°C, 602 RH) envi-
ronment. Non-premarin tests (NP) occured in the follicular
phases of 2 subjects, the luteal phases of 2 subjects, and
in both phases of the menstrual cycle of 1 subject. Esopha-
geal temperatures (Tes) did not differ significantly between
NP and premarin (P) tests during exercise, nor was there a
significant difference in the rise in Tes; NP=1.05 + 0.41°C,
and P=1.07 + 0.39°C, mean + SE. Ko significant differences
were seen in mean skin temperstures, skin conductances,
total body sweat losses, Tes sweating thresholds, the slopes
of the Tes/sveat rate relationship, heart rates, stroke
volumes, or blood lactates. Plasma volume did not differ
significantly between NP and P at rest or during exercise.
We conclude that estrogen supplementation with premarin at
this dosage does not alter thermoregulatory responses during
moderate exercise in a warm enviromment either by imhibiting
sveating, or by altering plasma volume. (Supported by NAS9-
17199.)
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THERMOREGULATORY RESPOESE TO EXERCISE AT DIFFERENT PHASES OF
THE MENSTRUAL CYCLE. E. Miescher, A.l. Carpenter., (.G,
Iankersley, K. Levine, $.M, Fortney. Johns Hopkins Medical
Institutions, Stress Physiology Laboratory. Baltimore, MD

It bas been suggested that thermoregulatory responses
differ vith the phase of the menstrual cycle. Thermoregula-
tory responses to exercise were measured in the early folli-
cular (progesterone <l.0ng/ml, 17-B-estradiol <100 pg/ml)
and midluteal (progesterone >6ng/ml, 17-B-estradiol 70-
150pg/ml) phases in 8 women with regular (28 +4 days) and
endocrinological ly normal cycles. Each subject exercised for
30 minutes at 70Z VO2max in a warm (30°C, 60% RE) environ-
ment. Exercise tests were performed between 8:00 ard 14:00h.
at the same time of day for each woman. Esophageal tempera-
tures (Tes) at rest vere greater in the luteal phase (37.25
#0.16°C) than in the follicular phase (36.91 +0.15°C). Tes
vas approximstely 0.3°C higher in luteal than in follicular
pbase at all times during the exercise test. Thus, heat
storage during exercise was similar in either phase of the
menstrual cycle. Neither evaporative heat loss estimated
from total body sweat loss, por skin conductance in response
to exercise differed significantly as a function of the
menstrual cycle. In addition, plasma volumes, exercise car-
diac outputs, heart rates, stroke volumes and metabolic
rates did not differ significantly. Thus, although there is
a consistant upward shift in body temperature during the
luteal phase of the menstrual cycle both at rest and in
response to moderate exercise, no difference in the heat
loss mechanisms measured wvas detected in this study.
Supported by NIE grant HL10342-18, and NAS9-17199.
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Divisiza ef R productive En::'::{i::::::;:‘;:. Th‘: Jokne H:,? ing Eo:p.’tal,' and Desatmert of Emvirermental Hez h Sciences, The Johns
cpving University Schioc! ¢i Fubiis Heaith and Hygiese, 2 ziiimere, Marylarng

With thz cavelcpment of the space shutile pro-
gram, bcin men and wemen will serve as astronauts.
Spzce Tizhis will b2 made availzble to spesizlists in
science and techaclegy to conduct experiments in
planns 3 crbita! laboratories. Recentiy, Sally K. Ride
was tnez 773t woman astronzut to enter the weight-
less envircnment aboard the space shuttle Chazl-
enger (3. 1). Consideration should now be given
" to the impzct of weightisssness on the reproductive

-act.

This rezcit also reviews ths current metheds for
simulziion of weightlsssness and hypcdynzmic
spacealizht. With these investizztive mode!s in mind,
the phvsisicoic adaptive precesses bath predicted
anc odsarveg at zero-gravity are presented. Resulis
of current investizations into these adzptive proc-
essz3 viih respect to the gynecolcsic endosrine
systeT v bz giscussed end rescmmendztions for

future ovncosicgical investigation pressntad.

nece and Frpodvnamis

Ths nzzc to ascerizin whethar a human czn sur-
vive erpztiznces of long-term spacsfight without
harmivi efiects has prompted thz use of methods
that prevics 2 simulation of certain aspects of
vie.ghlizssnsss (Table 1). Current methods may pro-
vid2 rezconzlle complste negation of certzin as-
pects o cravity tissug interacticn. Howaver, they era
frequenl., cfno use in pproximeating other aspects
of the v.zishtsss state. :

Trus glizrglions in cravity cannst be echizval on
this picacl but the simulation of one ¢ mcre ¢f the

bu "R 3 | . e Lo Rl T LS .
22, The dohns Hopkins Hospitz, €00 1=~ Wels

Street, Bza:timzcre, 14D 21205.

predictzble efiects of zero-gravity is Fossible. im-
mobilizator (i.e., casts, spiints, prolongad bed rest
has bs2n used to simuizte efzzts on the cardicvas-
cular systzm. Otner sirnulztons incluge tumbiing,
immersion, direct acceleration, and Opposing zzcel
eraticn {i.e., suborbitz! and peraboiic fiight).

Bed rest hzs been a commen method for simulat-
ing zaro-gravity. This is a valuable technique, be-
cause 1) less work is requirad for pestural support
while 2 diminished load is supplied to the body
structure, and 2) there is a recuction in the effective
length of the mzjor fiuid columns. Thera are generaliy
four general physiologic responses to bed rest: bone
demineralization, circulztory csconditioning, fluid
and electroiyte aiterations, and muscular atrcphy.
Disadvantzges incluce prolongzsd studies (minimum
12-day bsd rest} and the psycnoogical stress factor
associzted with this simuiation.

Parabclic trzjsctoriss have also baen used to sim- -

ulzls cencitions of weightizssness. The use of iner-
tial propertiss of a mzss in producing a weightizss
state can be extenczd to grezter time periods i on

tekes advantage of the physical characteristics of
trajectile moticn. The duration of fall can be extended
and the probiems with air fricticna! resistance ove:-
come using an eircraft. The fight pattem during
which weightlessness occurs is called a Keplerian
trajectory. The parabolic form of such a trajectory is
thzt of an elipse with one focus at the center of the
gravitation or traction (Fig. 2). In this manesuver the
aircrat dives to gain spead and then pulls up onto
one leg of the approprizte parabola with the power
of the enginas used to negate air friction. The maxi-
mum duralicn of exposure possible with this tech-
niguz is about 1 minute. The disadvantages of this
simulation include an exzosure of intense G-fisids
just beicre the period of brief weightlessness. This
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czplve Prosecszs at Zere-Gravity
Thz liuzsvizslelstz] System
Muccle  structure and, therefore, function is

sirengly detzrmined by the combined stressas to
v/aich the muscle is exposed. During conditions of

spzcelicht, the stress provided by gravity is re- ‘

moved and alterations in muscle structure become
evidznt within the first wesk. The most gross evi-
¢znce of changing muscle structure is seen by the
overz dzcrezse in body mass. Althcugh most of the
cacrezse in body weaight during shert-term (i-14
Cays) spacsiicht is due to decrezses in body fiuids,
acut one-third of the weight loss results frem de-
crezszs in Iszn body mass and izt (1.

As thz l=ngth of exposure to weightlessness con-
tinues, furthzr evidznc2 of an etrephic musslz effect
erpsars, esgecigliy in muscles invaoived in control of

- Easiure and weight bezring. Aker the'Selut 6/Soyuz
re:snged fights, signilzant eircphy of the rezr calf,
k203 and wide calf muscles was seen (2). Merpho-
l5gic ehznges in muscle tissues following simulzated
\o2ightizssness show a decrease in musdle mass
reughtetout by decreases in muscle fiser size and
€30 & smaziisr decrease in muscie capillary density.
S transport time between capilzries and tis-
is not believed to be recuzed and erterial-
2 Cilierencss during exercise in bed-rested
£2i25 were not signiicanty diferent from pre-bed
L vaiuss (3). "
chemizal changes in mussles during simulated
+Zghtisssness suggest 2 net Gscreass in those
5 and cofactors necasszry to support oxi-
Dzcity. One veeex of bed rest was zzsosi-
Vivi 2 12-18 psr cent resustion in cuizztive
enzyms eclivity ang 2 weeks with a 22 par cent
resuction. During spacefiight, increases in plasma

L)
w

calcium, phoszhorous, and creatinine occured. In
the urine, increzses in these factors as well 2s so-
dium, megnesium, tctal hycroxylysine, N-meiayihis-
tidine, and most amino acids suggest a gencralized
muscle atrophy. The time course of these biszhem-
ical changes precedes measured changes in maxi-
mum work capacity in bed-resied subjects. An earlier
sign of decreasing muscle function was a deteriorat-
ing czpzcity for endurance exercise (3).

During the Skyizb missions, metabolic ba'ance
stucies were conducted to assess whether cataboiic
biochzmical conditions would persist in the presence
of ampie dietary int2ke of key muscle-maintzining
elements. Desgpite carefuily monitored intake of cal
cium, nitregen, phoschorous, magnesium, potas-
sium, and sodium, a negative cr only stightly pasitive
balznce was fcund for these elements.

The changes in muscle structure reported zbove
were also asscciated with changes in musclz func-

tion. Decrezsas in muscle strength, espesicly in

extensor and leg muscies, with little change in am
muscies, occurred both in-fight and immedistely
postilight (1). These decreases in strength cou'd be
ameiiorated but not prevented by exercise programs.
Even an extremely vigorous exercise protozol did
not reverse the loss of total body nitregen and
phosphorous. Electromyogram changes occur dur-
ing spacefiight which indicate increasing susceptibil-
ity to fatigue and possibly reduced muscular effi-
ciency (1). Muscle reflexes during and after space-
flight are characterized as a condition of “generalized
hyperrefiexia.” During the long-term Soviet fichts
there was arecuction in threshold in tendon refiexes,
and the Skylab resuils suggest an increase in dura-
ticn cf the Achilies tenden reflex, which retumed to
prefight levels cniy after 2 month cr more (1).

One of the most serious complications of space-
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fight is the continuing loss of.bone mineral. Like
muscle, bone is a2 dynamic tissue which mzintains a
mass dependent upon the level of ove-all daily
"Sressas. The greztest stresses for bone result from
forces caused by weight and inertia. Passive stand-
ing exerts a force proportions! to an individual's body
veight 2nd the suTounding gravitationa! field, sush
thzt 2 122-pound man wil! generate 2 forcs ejuiva-
{=nt to 65 pounds on thz tibiaffisulz bones. This
force, however, is small comzared to the forces
' caused by muscle counterforcas during exercise,
J233ing or running may provice forces excezling
1000 peunds of tznsient farea on the bones of the
foot (4). Conditicns of spazalight or simulated
weightlessness remove most of the mzjor forces
frem the musculoskeletal system so that only a
iraction of the inertial forces remzin. The majcr med-
icel hazards of prolonged spaceiight onbons inciude
a lengthy recovery cf lost bone mass following
spacefight, possible irreversible bone loss, bone
fractures, and toxic effects on soft tissues such as
the kidriey due to increased release of calcium and
phosphorous (1).

Loss of skeletal mass becomes an important con-
sideration, however, only in long-term spacefights.
Changes in bone density were found even during
short-term spaceflights, but tae rate of loss of da-
mineraiization was gradual. Evidence from the longer
ApJilo and Skylab flights support the hypothesis that
bone mineral loss occurs only in weight-bearing
bones during spacefight (1). The mechanism cf bone
Cegeneration is still unknown but may involve
caangss in electrochemisa! nroperties, and in hor-
menel and nzure! fasters. In-flight animal studies
cuzgest that the loss of bane minsre! is cue to an
inhioition of nzv bene fermztisa. In men, noviever,
i is ungiear whsther thers is reduced bone formetion

"crincreaszd bene resorgticn during spacefighi. Au-
\Spsizs of thres Russizn cosmsnauts who ciz? afer
21 Caye ¢f spacsfisht revezied evidense of anztom-
icz! bons changas suggeeting increased bons re-
gorplicn (1), '

Stucies on the reversisiiy ¢f bone loss foliowing
£Tzssiizht 2reincenciusive. If the decrezss in baone:
massissimaly dus toatemzorery imbzlznze inbone
Lnover, thenbens ass veeuis B2 repiacec etz later
{me, parhzps following spacsiight. On the other
n21Z, an alteration in the funstizns of individua! Bone
cils could resu'tinimeversis: bons loss (5).

et of the difficulty in datermiving the mashanism
ol Conz loes with weizhtlzsanizs is that, <o fer,

'

T bkt 3 . : ; [ o~ ple rirv
TealtniechnizussconcL minis theresulis during

~-
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spaceflight. During bed rests, a negeive czlcium
balance appears within a few days. Urinary czlcium
increases and plateaus after about 5 weeks, while
fecal calcium increases until about 10-12 we<'ss and
then plateaus. During spaceflight, winary ca!cium
plateaus after about 30 days, but fezal czicium loss
doss not appear to plateau. Extrepolated caicium
losses from the Skylzb spacefiights suggast that
v/ithin 1 year an astronaut would icse about 25 per.
cent of the total body calcium pocl. Extrznstated
bad rest cata give values of only 6 p=- cent (5).

The results reported from long-term Soviet space-
fights suggest that the calcium loss doss not contin-
uzlly increase during long-term we:ghtessnass, but
slows considerably between the third and sixth
month when vigorous exercise programs are con-
ducted (2). The efiectiveness of exercise as a coun-
termeasure is still uncertain, howeve:, as curing
Skylab 3 and 4, weight-loading exercise red.ced
bone loss in only three of the six astronauts. Soviet
fndings regarcing the effects of exercise as a coun-
termeasure are more hopeful (Niccgossian and Par-
ker, 1982; 1). Cther countermeasures which have.
bsen propesad inciude dietary sugplements and
pharmacological agants. One drug, clodronate diso-
cium, effectively prevented negative calcium ba'ance
in human bed-restad subjects but was discentinued
from use because of evidence of possible carcino-
genic properties (6).

Compariscns of bone mineral losses in men and
women suggsst that women had significantly less
caizim 1oss then similarly stressed men. Further
stucies are nsedsd to verify this finding 2nd to
estabiich th2 mechznism for such ¢ifarences ).

Rzcpireioy Systam

Tna chznges that cocurin the respiratoy svetzm
Curing actual or simulated weightless conciti ne ap-

2zr to ba slizht and of littie overa” physiolozical
signiicancs. Puimonary function maasuremants o
izinsd from five men during 2 20-dey bzg rest pro-
toce! revealzd nonsigaificant changss in tota! lung
cegacity, fereed vita! capacity, 1-sesond foreed ex-
pralony velume, residual volume, 2nd the cifiusing
czzzsty of the lung for carson monoxida, |t was

nclsarin tiis study, however, whethzr 2" meesure-
msats wers controllad for posture (8). In a recant
siay in which six woman undanvent cuplicatz 11-
Cey bed rests, small but significant increases in vital
czpacity and 1-second forced expiratory volume ca-
curred curing the first 5 days of the bad rest proiczcol,
continued to be elsvated throughout the remainder

' xd
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ci thz bo2 rects, end retmed toward supin2 pre-
sdrestlzvels duting 2 weslss of ambulzlony recov-
€Y. It vias poctuizted by these autqars thet the
IEnZ2e in ViE! eopesity and 1-sczond forced expir-
a:.ory volum2 mey have been assscizted with the

15-23 pzr cent dzorezses in plasma volums v.hish -

czcumedin the szmz tima intsrval, Presumztly de-
Crezs:l plasma volume wauls ba reflzcied in 2 e'me
ilar preporticned desrezss in therzais 2 vSlume
and an increzs2 in lung comptiznze during the first
feve czy's cf bzd rest (8). A falloweup study, in vehish
& 27 pzrezat dzzrezsa in pizsma velums wes in-
sczlin szvanambulatony sudjzsls throuzh thz use
clc.uratics, faiizd {0 estzNish & eorrelzion bztvesn
chznz:s in plasma volume and changss in vitz! ca-
pzzicy e 1-szcond forced expiratory velume (1 0).
Iiz eongiztent changesin puimenary function have
bezn resontz3 during spacefights of 28-84 cays’
curelisn. During one spacsiignt, vita! czpacity on
moct cays avaraged zbout 10 per cent lower than
prsl.zhtesnlreis in thres astronauts, but retumed to
reliznt levels repidly after landing (11).
E£23y Fiuids
\vith the removal of hvcrosiztic pressure gradient
curing conditions of weightiessness, body fluids are
redisinibuied such that fiuid redissibutes from the
lowar extremitiesina cerhaled cirsstion. The result-
ing increase in therecic bload volume is beizved to
initztz a2 Gausr-Henry refiex, whereby stratch reces-
tors in the lef 2trium inhibit thz re'zass of anlidiuretic
hermsns. As a rasult, 2 Sgehlanzcus diuresis oc-
Curz, resulting in a decreass in glzsma volume and
€.3SUCivizs. Duning 2-wesi: bad regt siuciesinseven
men, 135 Cluresis was sesn curing the first 4-5 czays
end rzstlisd in 2 13 par c2at reductian in plzsma
veum (12). A simiizs relztivz less of piasma velume
vas reponied in bed-rasted women during 11-day
bzl resis. However, it was observed that, when bed
resivees bzgunin the immedizte preovulziory stege
of g v.cman's menstrua! Cyc'2, either an increzse or
cnly & sme!l decrease in plasma volume was sean
curing the first 4 cays of bed rest. These results
sugzesithat the hermones assosiated withi tha preo-
VU2 siage may trensisntiy prevent the Ciuresis
with bed rest (13).
Stuel spacefiights, however, this early-
2s not besn seen prosably because
1 etzining urine sampslzs during fiight,
se of a reduced fiuid intake Gus to motion
nti-metion sickness crugs. lVizzsure-
Lwater balancs curing Skvizd fiants
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indicate, however, that although fluid iniz':o is re-
duced, urine oulput is not reduced to a comizesle
leve!, resulting in a negative water balancz during
the first 6 dzys of flight. In-fiight increases in vrinary
sodium, potzssium, and chiorice, and decrzzsss in
antdiuretic hermene lend support for the diuresis
theary ol th: plasma volume desrease durinz vezighte
lessnass (1).

Thzse fuid Iosses are believed to contribute ta the
postiiizht crthostziic intolerance seen in maost astro-
nauts and cosmanauts. Countermeasures to prevent
the diuresis include vigorous exercise programs and
waizrand electreivte supplemsnts during spezefisht

-

or just beicre reantry. During long-term Saviet

- flights, the water and electrolyte supplemantation

vas combined with lowsr bedy negative pressure
edministretion to ensure that tha ingested fiv'ss were
retzined within the vasculzr spzce (2). Minzra'acor-
ticoid (g;c-f::a:chydrcccnisone) ingestion during
bad rest stucies has successfuily prevented ths loss
of plasma volume but the eXects on orthostatic
toisrance fcllowing bed rest have been indecisive
(14, 13). :

Ezsides the Iossefplasma vciume, red cel vclume
aleo dscrezsas curing weightzssness. The effect,
however, now appears to be seif-imiting, whare with
long-term spaceflignt, the red cell mass decreased
until aBout €0 days into the mission and then grad-
uaily began to recover (1). Aleng with the loss in cell
mass, there is 2 change in the shape of the red cells.
Preilight, 80-20 per cent of the red cel's hagd a
biconcave (ciscesyts) shape, During the Soyut 6
tight, there was an increase in number of psoidal
and spherical shzpad celis. These changss were
rapidiy reversidle postiight (1).

Tne most acczpied thesny to explain the decrezse
in red cell mass is that in-iight there is a supgression
of naw red cell production by 2 cirect inhibitory e5ect
cn bone marrow. The reduciion in propertizn of
reliculecytzs during eardy spaceflight wouid comiirm
this hypcthesis. Findings from the Apolo-Soyuz
fight dispute other theories that increased red cell
destruction or sclective sequestration of red cells
czuse the decreased red cell mass (1).

Cardiovascular System

It is especialiy difficult to simulate the efests of
weightlessness cn the cardiovascular system since
simulation procedures, such as bad rest an2 water
immersicn, produce physizal dsconditioning in 2ddi-
tion to the hypcgravic reszonses. Most of this review
witi, therefore, focus on cardiovascu'ar resnonses
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sesn during or after spacefight. Three major
changes in cardiovascular function following weight-
lessness include decreased orthostatic tolerance,
changes in cardizS electromechanics, and changes
in exercise capacity postiight. In addition, some
morphological changes have been reported in the
heart following prolonged spacefiight. :

One ez-ly centroversy centered around how the
cardiovaszular system would dzal with the cephalad
shift in body fluids. It was fzzre2 thet a chronic
eizvation in central venous and It etrial pressures
‘vrould persist during weightless exposures, pstsn-
tially compromising cardiac functicn. Recent evi-
dence of only transient increasss in central venous
pressure during hezd-down tilt simulations and nor-
mal cardiac funclion curves during the Skylab. mis-
sions argue zgzinst this theory (16, 17). Recently, it
has become possible to colisst 2= to examine the
efiect of long-term spacefight cn cardiac structure
end function. Electrocardicgrashis studies 2%ar the
Skylzb missions found decrezses in left ventricular
dimensions without significant chznge in contractile
properties (17). Following Salyut 7, electrocardiog-
raphy studies revealed a small but reversible de-
crease in left ventricular muscie mass which was
restored within 7 days postiizat. The rapicity of
muscle mass restoration suggssts that the changes
were cue to alteration in myoczrdial interceliular
hydration rather than to myocardial muscle degen-
eration (18).

Decreases in orthostatic tolerznce are consistently
reported during ang after spacsiigat. At least part
of the intolsrance to tilt, lowsr tocy negative pres-
sure, or quiet standing posti.ght is dua to the tlood
vo.ume losses asscciated vith voz'shilsseness. This
233-500 mi fiuid loss, hovraver, is tco smzl to
g3countisrths dagree of cardizvzesulzr dysiunsiion
rozcnied. Aleg, replzzement ¢f tae veluma Iozs be-
 fore orthostatic telsrance testing ¢4 not complztaly
rastore crinostztis toisrancs (15).

Cirer mechzaisms that may conmisute to ths -
ased crincsizlic tolerancz mzy inctuds 2n in-
&se in vancus complience, esnacizlly inthe lower
¢ Or etdominz. regicns, or ciznges in the neu-
iz or hemmcne! contre! msshznisms that regu-

d pressure. Venous comziznes mezsurs-
nEls during Siwyiad fights rs.zzz anincrezss in
csmpliancs during the first 10 of flight, then 2
sicvs decrease vith continuing eflicht. Tne tim2
csurss of thesz compliance ¢z~ ¢id not coneur
V.ith accempanying changss in to'zrance to lawer

CTZ) negzlive prassure (1),
JneEg
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Data describing changes in autonomic function
after spaceflight or bed rest are inconciusive. Upon
tiit or lower body negative pressura chzlicnge after
spaceflight, the cardiovascular respanses are exag-
gerated with greater increases in hea-t rate 2nd a
greater fall in mean arterial pressure. However, the
normal vasoconstrictor responses 2ppserintzst. In-
jections of narepinephrine or angistznsin preduce
similar pressor responses during 2-3 weaek bed
rests. Although plasma catecholam:azs are recuced .
curing bad rest, their response curing tit is un-
changed (19). The venoconstrictor reczonsz cf fore-
am bicod vessals during exercise wes found to be
potentiated rather than reduced fcowing bed rest,
suggesting normal sympathetic venoconstrictor
function. The increased venoconsiristion was pro-
portioned to the reduction in plasma volume curing
bed rest (20).

Electrocardiograzhic  and vectsreardiographic
data, at rest and during lover body negative pres-
sure challenge during Skylab missions, showed an
increase in the QRS maximum vector, which may be
reiated to increases in thoracic blood volume zad a
prolongation of the P-R interval, possibly due to an .
efrioventricular concuction slowdown caused by an
increased vagzl tene. Frequent arrhythmias during
spaceilight may also resuit from sympathetic-para-
sympathstic imbalance or may be due to fiuid or
electrolyte imbalances induced by the weightless

tate (1). During Salyut 6 flights, kinetocardiographic
mzasuremsnts also revealed a significant shortsning
of isometric contraction and relaxatsn of ejsction
and postiiing phases (2).

Exsrcise capacity is severely redused felzwing
sp2ceiignt. After the 8-11 day Azzlo fiights, de-
crezsss in exercise intensity, oxyc:n uptake, and
ceri.ascuizui ware coserved at en exercising Faart
reiz of 1€0 bzzis pr minute. Oxyzen csnsum-ton
icra given exsreise intansity (muss!. esiane ylwas
nct gliered postizht. Following thz tongsr Stylab
f.27%s, eimlzr Cezrazses in exercies cagzsicr viere

found butvocre restored within 3 vozzlis cf resovery

i)
One unsxpected finding, howevsr, was t-z im-
provemsant in exercise tolerance during spaczlight.
Cace thz meachaniczl problems cf exsrcising in
weightiass concilions were negotizted, astrenzuts
during Skyleb flights were able to accomplish higher
exercise intensitiess than were peasivle in a one-
gravity eavirenmsnt. Anincreased maximum oxygsn
uptake in zero-gravity conditions is probak'y not
ingiczlive i 2 training response as in normz! condgi-
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ticns, but may heve been due to the effect of an
increzszd venous retum and maximum czrdizs out-
Put resultng from the increzsed cenirz! blood vol
ume. As alinezrre'ztisnship exists betwezn ahso'ute
work output and cardiac output, a higher exercise
intensity would be attz’nzbls, Oxygen eonsumption
may alsy increzse beczuse of 2n insrezszd z~tive
muscis mass in zero-gravity as the arme pizy amore
active rolg during exercise. Fixed suSmaximz’ exer-
Cise intensities wers acccmplished with Iovver heart

tes- end blood pressures than preficht. A more
rapid recovery of heart rate after exe-cis2 in the
weichtiassness environmant was probzZly cdue to
the crezter vencus retum. Thereizre, in crcs- to
meinizin 2 stable fimess level while in-flight, training
exercise intensities must be adjusted in 2n upward
Cirectcn (21).

EnZzzorine System

Theendocrinzs response curing spzcefiicht refacts
the comiined effscis of stresses insuced through
the removal of gravity, effects from motion sickness,
changes in cist, and the psychological stresses as-
scCizi=d with space fravel. Becauss so many
stresses are simultaneously combined, the hormonal
respcnses zre citen difficult to interpret.

Hzzd-down bed rest studies (22) havs been con-
cucisdinan attampt to identity some of the transiznt

Srmzhal fiuctuations assosiated with changes in
tha hycrostatic gradient exsrted on the body. Within
the first 2 hours afier lying down, there is an increase
in ceniral venous prassure which proozbiy tricgers
the ¢zcreasein plasmaz concenirations of anticiuretic
hommsne, angistznsin, ang alZasterona. In this same
tims intsrvel, svmpzthetic activity is decreased as
re..scts2 by decrezses in consentratons of epinenh-
rine and norepinephrine. Gismerular fittration rate is
&lso transiznily decreassd. Afer £ hours of bed rest,
csnire! venous pressure retums to pre-bzd rest
leveis and then continues to decrease. The glomer-
‘£ Fours, at which time plasma z'dosterone and zn-
gictensim levels have also recovered znd mzy even

xcezd the pre-bed rest leve.

Lziz frem zstrenzuts in the space shuttie program
revezss increased plasma and urinary alZosterone,
angisiznsin, ang urinary antidiuretic hormone post-
flight, simiiz- to thz results reporied efier 8 hours of
hezd-Cown bzd rest. The plasma I2vels ¢f these
Jormones in-fight, hovsever, have alss bzza shown
to Dz inluznced by salt and water iniz::.

[
Urine

u.er ireticn rate retums to baseline only after 2haut .

Spacelight &1

-

antidiuretic hormone concentration during long-term
Skyleb fights was reduced during the first 40-59
dzys of fiight, then began to retumn toward pre7icht
levels (23). These hormonal fluctuations undoubtedly
oceur in response to the fluid shifts with expasure

‘to weightiessness,

During Skylab spacefiights, parathyroid homone
was s:g0liy eiavated (6.4 per cent) above prelight
levels (23). Parathyroid hormone normally functions
to increzse plasma calcium by first increzsing bane
rescptian, second by increasing resorption of cak
cium in the kicney and dscreasing excretion, and
third b increasing calcium resorption from the intes-
tina. Increzsed perethyroid homone may functon
during spacefiight to Oppose the effects of increasing
cortisol which- exerts a negative calcium bz'zace
eiiect. The zsticn of parathyrcid hormone recuires
the presence of vitamin D. It is not yet known what
hagrens to vitamin D lavels curing spacefight, al
though in bed rest studies urinary concentratizns of
1,25 dihycroxycholecaiciizrol, 2nd vitamin D metab-
oliiss were decreased.

Incraasad coriisol levels in spaceflight may have a
signiiicant role in the muszcle cegeneration. Thyrox-
ine and thyroid-stimuizting hermone were beth found
to be increzsed curing spacefight and may also
contribute to an increased metabolism of proteins, .
carbohydrates, and fats (23).

Calzcholamine excrstion decreased during the

Skyiab flights, which is within the observation of -
reduced sympathetic responsiveness. During bed
rest studies, the reduction in norepinephrine excre-
tion could be prevented by exercise (23).
- Both American and Soviet spacefiights have
shown evidence cf a change in energy utilization and
procuction. Fasting biood glucose levels increzse
initialiy, then decrease below preflight levels. Plasma
insulin  concentrations decreased during Skylab
fights (23) but were regorteCiy increased in the
Salyut 6 cosmenauts (3).

Fundamental changes in carbohydrate metabolism
are evident after only 2 days of bed rest. Dokas 2nd
Creenleaf (24) found that the degree of glucose
intolerance during bed rests is proportional to the
degree of immobility as assessed by the total energy
expenditure each day, and is probably not due to a
hydrostatic effect. Exercise during bed rests was
efiective in reducing glucose intolerance. A possible
mechaniem of this decreased glucose toleranse is
that, during deconditioning or bed rest, there is a
Gecreased sensitivity of the tissues to insulin acticn
through modiiication of the insulin receptors.
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Reproductive System -

Litle work has been done to evaluate the effect
of weightizassness on the female reproductive tract.
Rock and Fortney (25) have documented the reduc-
tion of plasma volume during bed rest in women.
Interestingly, a normalization of plasma volume was
observed zt midcycle with a preovulatory estrogen
peak. Rising estrogens were thoucht to have szit-

-retaining property that preventz4 the loss cf plasma
volume. o ‘ )

Recently, Rock and Fortney (25) have studicZ the
menstruz! cycle in the bed rest patient. A luteal phase
deficiency as defined by Abrzvam et al. (26) was
documented in 3 of 12 patients (Fig. 3).

Further investigations using subjects as their own
controls are needed to estat!ish thzt weightlessness
may result in diminished progesterone secration.
Furthermore, studies of ths hypothalamic-pituitary-
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ovarian axis may further elucidate a pathophysiclogic
mechanism.

Recent studies have documentzd an increased
incidence of endometriosis among monkeys ex-
posed to proton irradiation similzr to that which
would be experienced by an astronzut (27). Thus, it
has been hypothssized that astrcazuts may be at
increased risk for the development of encometriosis. _
Furthermore, in an environment of veightlessness,

- the normal egress of menstrual fluid may ba less

optimal and tubal reflux more frequent.

Aberration of menses may occur in the weightiass-
ness environment due to anovulation. This may be
particularly true in long-term spacefight. Alterations
in the metabolism, clezrance of steroids, and szcre-
tion of gonadotropins may result in chronic anovu-
lation. Menometrerthagia and hypermenorrhea may
be serious as it is unknown whether the normal
hemostatic mechanisms associated with the men-
strual period are operative in conditians of weight.
lessness.

Surgery in Cenditions of Weighlessness

With the increasing frequency and duration of ex-
traterrestrial travel in an environment of weightless-
ness, the need for medical and surgical care will
most likely increase. In particular, it an injury occurs,
surgical techniques should be deveioped for rapid
hemostasis and tissue closure at zero-gravity if the
mission profile precludes the prompt retum of an
injured crew member to earth for treatment. Fur-
thermore, problams related to surgica! tachnique and

- weightlessnass should be resslved before planetary

missicng, which preciude the retum cf a crew mem-
ber to ezt for surgary.

In-fight surgery has been tested 25zzrd 272r2% in
Repisrizn paratsias by the Soviet Unien (28, 29).
Spsciz! transperent containers were used to pericm
surgicel lzparoicmy on rabtits undz- tocal an2sthe-
siz. Cutting the mesantery of the smz! intestine was
eccempanied by vigorous blcod flov:. The blocd did
not pump out and scatter into the atmosphere but
fiowed around injured vessels in the form of pucsies,
Arterizl blood fiov tended to scatter. Contamination
of the cabin atmosphere may be prevented by careful
clamping cf tissue before the incision. The Soviets
repories the necessity of limiting tne asdominal in-
cision initially to avoid eventration. The surcsons
roted, however, that eventration eliminated the nea
for refractors.

Tnus, this preiminary work brcught about the



s

RN t

rezizzalich that surpzry could be pzrformed in the
weightizzenzss envirenment. Although our under-
stending ¢! the efizst of weight!zssness have repicly
advanczd, the availzblz fiterature on surgical tech-
niquss &l zero-gravity is sparse. Studies are primarily
in the Russizn Eterature and obsarvational in nature
(22, 32). : A ‘

/727 entering zero-gravily, there is a slowing
down cf speed and escuracy for a purpossiul move-
ment. In pariicules, there are erors in trying to hit
the centzr of the targat (deviztion of hits upvierd).
There is, however, repid edzpiztion as motor coor-
cinzton hasils vsuz! davelep quits ezsily (31 =-33).
Speciicely designed instruments may be required
to perio compisx motor reactions required for
deiicate surgizzl maneuvers.

Stezhzlzs et 2l (C0) suggested that the limitations
of the size cf the cosmic crait and the reduced
immuncrezsiivity of mzn n space requires a soft
surgical antiszstzrial chamber mads of transpzrent
fluorplastic fim and having twe to thra2 pairs of built-
in sleeves witn surgize! gloves. The autnors stressed
the ne=d for deveicoing a compact set of lightweight
surgical instruments mesting the regquirements for
surgical inizrvention at zero-gravity.

Rock (34) has suzgested an expandable chamber
fcr minor surgery in conditions of weizhtlessness.
Mejor considerations in developing such a system
for use in a2 spzzecrakt were to provide a sterile
environment zs well s to prevent centamination of
the cabin with Blcc3d 2nd cther dsbris while perform-
ing tha surgery. ) ‘

The meauizs is 2 seii-containad systam with a cuf
tourniqust and insuifiziorn. The stzriie gloves are built
into the system so that the environment within the
capzuis is sterile, conteining both gloves and instru-
ments, which are attzchad with Veloro streps to the
ciear vinyi walls of the czpsule (Figs. 4 and 5). In the
event of an arm injury,

el ol
)b -
<

the cull toumiquet; the toumiguet would
than be infiated 1o 2zhisve hemosizsis. The cepsule
then may bz insufiiated and the surgsan's hands
inserted into the gloves, the instruments grasped,
anc nz surgsry pericrmed. The surgisal arez may
be pregozd and locz! anesthesia esministered within
this surgice! environment. The bleeders may either
be cizrzd or suture ligated. As normal hand tying
‘movemenis may ba diliicult under conditions of
vieighlizssness, cip systems may be more appro-
prizte to achieve vessel ligation and hemostasis.
Contemination of the spazzzraft with b'sod 2 tis-
sue cebris is thus avoided, maintzining a clean en-
vironment.

he amn would be inserted

- Vomenin Spzseflicht [
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'Y ]
3 -nt
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Fig. 4. An expandable chamber for surgery in conditions of
weighiessness. Instruments and suture material are stored in
pockats within the chamber, From Rock, J. A.: An expandable
surgizal chamber for use in conditcns of weightiessness, Aviat.
Space Enviren. Med., £5: 453, 1984, Reproduced with pe-mission
of the Aerospace Medical Association, ¥/ashingten, DC.

Fig. 5. The injured limb is inserted through the cuf toumiquet,
the toumiguet infizted, the surgeon’s hands inserted into the
¢.oves, instruments grasped, and surgery performed. Frem Rock,
J. A.: An expandablz surgical chamber for use in concitans of
weightlassness. Avict. Space Environ. Med. 55: 403, 1554, Re-
produced with permission of the Aerospace Medical Association,
VWashington, DC.
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Fig. 6. The process of acaptation of man at zers gravity. ADH, antidiuretic hormone. Adapted from: Leach, C. S., Alexancer, \Y. C.,
engd Fischer, C. L: Compensatory change during acaptation to the weighiless environment. Physiclogist 13: 246, 1970.

Future Clinicz! Investizztizn

Although the process of édzptation to zero-gravity
in the human has been stucied (Fig. 6), the efizcts
.- of prolonged weightlessness on the mensirual cycle
are unknown; thus, a new field of gynacologic inves-
tigation is apparent. In particuler, using bed rest for
simulation, the hypothalamic-pituitary-ovarian axis
may be carefuily studied and tha metaboiic clearance
o/ steroids elucidated. Long-tarm spaceiight may
aiow dynamic testing in “skylzbs.”

Immersion in v/zter or the Keplarian parabsia will
Frovide a methed of simulztion for testing surgical
moZuies. Idezlly, the “skylab” v.iii aiiow careful study
oi the technical difficulties in performing minor sur-
gery. Major surgery will be addressed in the space
ciations of the future.

The infiuence of the process of adzpiation on

urgeny mzy be of great importance. The reduction
C! p'asmz volume and increzse in central venous
preéssure may result in a critica! margin of safety.
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ABSTRACT

Exercise conditioning is usually accompanied by increases in blood volume and
improvements in heat tolerance. Deconditioning on the other hand, especially when
produced by extended periods of bedrest, is accompanied by a decrease of blood ‘
volume. In this study, the effects of bedrest deconditioning on exercise thermoregu- *
latory responses vere studied, both with and without an accompanying reduction in
plasma volume. Two groups of women underwent identical 12-day bedrest protocols.
Group 1 (n=12) was administered no hormonal treatment, and their plasma volumes were
significantly reduced (19.97) at the end of the bedrest. Group 2 (n=7) received
daily estrogen supplementation (1.25 mg premarin) during bedrest, and they did not
suffer a significant reduction in plasma volume during the last days of bedrest.
Both groups however had impaired thermoregulatory responses after bedrest. Therefore
deconditioning, even if unaccompanied by a reduction in plasma volume, relultl. in an
impaiment of thermoregulatory function.

INTRODUCTION

Although many studies have examined the effect of_ increasing fitness level on
heat toletancel's. very fev6 have looked at the effect of deconditioning. There are
many re;sons to suspect that heat tolerance would be impaired following periods of
inactivity, especially if that inactivity involved physical confinement, for example,
as often occurs in patients confi.ned to bed for several days or weeks. Bedrest
‘results not only a reduction in fitness level, but also is known to result im pro-
nounced reduction in body fluid compartments. 7.8 Hypovolemia both with and without
electrolyte losses, has been shown to alter significantly both the vasodilatory and
the sweating heat loss responses in exercising hmns.g'n

The effect of increasing fitness level on local sweating and skin blood flow

responses was studied by Roberts and co-vorkers.lz The local sweat response was

measured with sweat capsules placed on the chest and connected to a resistance
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hygrometry swest system. The local sweat rate was then plotted as a function of the
internal body tcnperature.. which wvas measured with a thermocouple placed in the
esophagus at heart level. A plot of the chest sweat rate (SR) as a function of the
rise in deep body temperature (Tqq) characterized the effect of increased fitness.
An increase in the slope of this SR/T,, relationship indicated that the semnsitivity
of the sweating response increased during the training program, which produced an 1i%
increase iﬁ the maximum oxygen uptake (Voim) in these subjects. The Tos threshold
at vhich swveating began wvas reduced significantly. The skin blood £ lov (SkBF)
response was measured by electrocapacitance plethysmography. Again this thermoregu-
latory response was characterized by plotting the skin blood flow values as a func-
tion of the rise in T,,. The slope of the SkBF/Tes relationship was only slightly
altered following training. However the Teg threshold at which vasodilation occur-
red, was significantly reduced during the training program.

Thus changes in fitness level may be expected to alter both the sweating and the
skin blood flow responses. We would hypothesize further, that after deconditioning,
the internal temperature during an exercise chal lenge would be elevated to a greater
extent than before deconditioning. The higher core temperature would be due to a
reduction in the slope of the sweating response, and an elevation in the thresholds
of the sweating and skin blood flow reiponses. Deconditioning as a result of bed
confinement would be expected to result in even further impairment of heat tolerance.

The combined effects of hypovolemia and deconditioning during bedrest would be pre-

EXPERIMENTAL METHODS AND RESULTS
To test our hypothesis that thermoregulatory responses would be impaired follow-
ing deconditioning, we studied the exercise responses of twelve young healthy women
before and after 12-day programs of horizontal bedrest. Then to further test the

contribution of hypovolemia on the impsirment of exercise thermal responses, a second
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group‘of 7 women performed an identical 12-day bedrest protocol, except they were
given a daily estrogen supplement (premarin) several days before and during the
bedrest. The estrogen supplement resulted in an attenuation of the loss of body
fluids during bedrest so that deconditioning responses might be separated from hypo-
volemic effects.

Table 1 illustrates the physical characteristics of the two groups of women.
All the women in this study reported a normal menstrual cycle history, with a total
cycle length consistently between 25 and 32 days. Group 1 was composed of 12 women
who did not regularly take medicatioﬁ of any kind, including 6:;1 contraceptives.
They wvere between 21 and 39 years of age, with a group mean age of 27. They were of
average fitness as determined by voZmax testing. Group 2 had similar physical char-
acteristics, but had at some point in their lives used an estrogen-containing oral
contraceptive without suffering significant side effect:.A These vomén vere in-
struéted to ingest one tablet (1.25 mg) of premarin each morﬁing starting on the
third cycle day (vhere day 1 is the first day of bleeding) immediately before the
bedrest, and to continue this treatment until two days after the bedrest.

The bedrest procedure comnsisted of 12 days of horizontal bedrest. Each woman
maintaiﬁed a horizontal position during all but 18 minutes in each 24 hour interval.
These 18 minutes vere spent in the sitting position and this was the total accumula-
tive time in which the subjects traveled by wheelchair to and from the ba;hroom. At
no time did a subject uuppott her weight by standing or walking. At the same time
each morning during the bedrest, a blood sample was drawn without stasis to determine
the hematocrit and hemoglobin concentration. These values were used to calculate13
the relative changes in plasma volume between the first and each succeeding day of
the bedrest.

The absolute red cell volume and plasma volume of each woman was determined by

14 99

radioisotope dilution. M technetium pertechnetate was used to label a sample of
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each subject's red blood cells to determine absolute red cell volume, and 9y techne-
tium-label led human serum albuman was used to determine absolute plasma volume.
Absolute red cell and plasma volume determinations were performed one day before and
within 48 hours after each bedrest.

Although significant reductions in red cell volume have been reported during

longer bedrest proceduresls

» in this study there was a tendency to reduce red cell
volume during bedrest, but these differences were not significant (P<0.05 from t-test
determinations). Red cell volume averaged 1474 * 44 and 132613 95 before bedrest for
Groups 1 and 2 respectively. The red cell volumes for the two groups. averaged 1389 3
42 and 1240 ¥ 90 ml after bedrest.

Pigite 1

Figure 1 illustrates the changes in plasma volume during the two bedrest proce-
dures. Plasma volume decreased significantly during the first 4-5 days of bedrest in
the women who did not receive estrogen supplement (Group 1). A markedly different
pattern howvever was seen in Group 2. Plasma volume decreased significantly during
the first two days of bedrest. Then the decrease in plasma v‘olume was attenuated and
even reversed, such that, the plasma volume in the group of women who received
estrogen supplement was not significantly different (P<0.05, Duncan Multiple Range
comparisons) from their first day of bedrest during 7 of the last 8 days of the
bedrest.

Submaximal exercise tests were performed in a warm (30 degrees C, 50-60% rela-
tive humidity) temperature-controlled room, one day before and immediately after
bedrest. The exercise intensity on the low-sit cycle ergometer was adjusted to 70%
of each subjects pre-bedrest VO, ... which was determined previously and defined by a
plateau in the oxygen consumption/exercise intensity relationship measured during
progressive cycle exercise tests. The submaximal tests continued for 30 minutes, or

until a subject's heart rate exceeded 952 of her pre-bedrest maximum heart rate
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value.

Submaximal exercise tolerance was reduced significantly in both groups of women
following bedrest, despite the marked differences in plasma volume decrease during
bedrest between Groups 1 and 2. Whereas, before bedrest each woman was able to
comfortably complete the 30-minute exercise task, following bedrest, only one woman J
in Group 1, and mone of the women in Group 2 could complete the thirty minutes of
exercise without being instructed to stop because their heart rate had reached 95
percent of their maximal heart rate.

Figure 2

The heart rate responses during these submaximal tests are illustrated in Figure
2. The average * standard error.values for the first group of women are shown in the
top panel of this figure, for both pre-bedrest and post-bedrest exercise. Since the
subn;ximal exercigse tests were performed immediately after bedrest, a postural stress
vas induced by the assumption of the sitting position in the low-sit cycle for 30
minutes before the start of exercise. Thus even at rest, heart rates were signifi-
cantly higher than pre-bedrest values in the post-bedrest tests. Initially, we
attributed at least part of the increase in heart rate after bedrest to a hypovolemic
effect. The average plasma volume at the start of exercise was 432 ml lower during
the post~bedrest test than during the pre-bedrest test.

Hovever, the results in the bottom half of Figure 2 illustrate the heart rate
responses in the second group of women. The average difference in plasma volume at
the start of exercise between the pre-bedrest and the post-bedrest tests was only 130 .
ml (non-significant). Yet an examination of the heart rate responses following
bedrest, shows a similar pattern as seen in Group 1, that is a similar increase in .
heart rate post-bedrest.

Pigure 3

Continuous measurement of body care temperature was obtained during each exer-
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cise test from a thermocouple placed in the esophagus at the level of the heart and
these results are illustrated in Figure 3. Again the responses from Group 1l are
shown in the top panel of this figure. Like the heart rate responses, the esophageal
teftperature (‘1'“) already was elevated significantly above pre-bedrest levels before
the start of the post-bedrest test. T” remained higher than pre-bedrest time-
matched values throughout exercise following bedrest. A similar pattern of Teg
response occurred in the pre- and post- be’dr'ent tests in Group 2 (bottom panmel).
However, the rise in Tog during post-bedrest exercise was significantly greater than
before bedrest in group 1 (p < 0.02), but not in the group 2 (p < 0.67).

The >totn1 sweat output was estimated in these exercise tests, by accurately
veighing each subject in dry cotton clothing before and after exercise. The changes
in body weight are shown in Table 2.

Table 2

The total change in body weight (g) was less in the post-bedrest tests, in part
due to the shorter exercise period. When the sweat rate was expressed as a weight
loss per minute of exercise, (g/min), the total sweat rate was significantly higher
in the post-bedrest tests for both groups 1 and 2. It appears that the sweating
response was not inhibited by deconditioning following bedrest, and that the higher
post-bedrest sweat rate would be expected to accompany the higher Teg Values. We had
predicted an inhibition of sweating in the hypovolemic exercise conditionm (Group 1,
post-bedrest), as compared to the normovolemic post-bedrest conditions (Group 2).
Although there was s tendency for the sweat rates to be lower in Group 1 than in
Group 2 following bedrest, these differences just barely were not significant
(P<0.06).

DISCUSSION
In these studies we have developed a model to examine the effects of bedrest,

both with and without plasma volume reduction, on submaximal exercise responses. We
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predicted that exercise tolerance would be reduced following bedrest for two reasons.
First, a certain degree of physical deconditioning would be expected following 2 days
of bedrest; then, since the same absolute exercise intensity (70% of the pre-bedrest
VOypax) Was used in the pre- and post-bedrest tests, post-bedrest exercise was per-
formed at a higher relative exercise intensity. Second, it has been reported in men
during bedrestls. that a spontaneous diuresis occurs in the first few days of a
bedrest procedure. Presumably a Henry-Gauer type of reflex is illicited16 by an
increase in central blood volume caused by the cephalad movement of body fluids with
the assumption of the horizontal position. Cardiopulmonary stretch receptors are
then stimulated resulting in an increased urine output and a decrease in total body
fluids. In this study the decrease in plasma volume averaged about 202 in Group 1.
In previous studiesl0»11.17 in which plasma volume was reduced to a similar degree
through the use of diuretics or by blood withdrawal before submaximal exercise, the
therﬁoregulatory responses were impaired significantly. The surprisingrfinding in
this study was that exercise responses following bedrest were equally impaired in
these subjects, whether the plasma volume was reduced (by about 20%), or restored to
the pre-bedrest level before exercise testing. An attempt was'mde to measure the
decrease in VOme vithin 48 hours after the end of the bedrest procedure. However,
following bedrest, we were not able to attain consistently our criteria for
determination of V0, pnaxs that is, a plateau of the oxygen consumption/exercise inten-
sity curve. Only pesk oxygen uptake values could be obtained, because most subjects
stopped the progressive exercise test due to leg fatigue rather than a cardiovascu-
lar limitation. The peak VO, value obtained following bedrest in group 1 averaged an
1152 reduction from the pre-bedrest values. Group 2 showed a 21.57 average reduc-
tion. There was tremendous variation in the responses of the individual subjects in
each group, and so the decrease in peak VO, seen following bedrest was not statist-

ically different (p < 0.05) between Group 1 and Group 2. Thus there is no reason to
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believe that the deconditioning effect was different between the two groups.

An slteration in thermoregulatory responses was evident after bedrest even
before the start of 9xercioe. The higher resting core temperature and heart rate in
the post-bedrest tests occurred before the initiation of the sweating reflex. This
fact, together with the lack of a significant reduction in the sweat rate following
bedres;. argues against the_iden that deconditioning may have inhibited the sweating
response, and thus been responsible for the higher body temperatures after bédrelt;

There are two other possible explanations for the impaired heat tolerance after
bedrest. The first is that there was a change in the resting metabolic rate after
bedrest, such that the total body heat production increased both at rest and during
exercise. This explanation seems unlikely, as one would expect that if any change
occurred in the resting oxygen consumption during bedrest, V0, would decrease, not
increase.

The second more likely explanation is that there was an alteration in vasomotor
tone following bedrest, producing a greater vasoconstriction which decreased heat
exchange between the skin surface and the enviromment. Indirect evidence to support
this hypothesis is the greater vemocomstriction we reported in a group of women at
rest and during exercise fol lowing bedrest.!® At the time of this rTeport, we sug-
gested that following bedrest, there vas an increase in peripheral venocomstrictor
tone which helped to compensate for the reduction in plasma volume, and which func-
tioned to maintain central blood volume. Although in this previous study we measured
an increase in forearm venous tone, ve might also expect a greater cutaneous arterio-
lar tone, since both venous and arteriolar comstrictor responses are produced by the
increased sympathetic drive which occurs with the onset of exercise. Although the
cutaneous vessels may show an increase in tone following bedrest, a decrease in the
tone may occur in the deeper blood vessels of the lower extremities or of the

splanchnic region. Thus following bedrest when the subjects in this study sat up-
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right just prior to the exercise tests, blood may have pooled in dependent body
regions, illiciting a vaioconltrictor response and impairing cutaneous heat exchange.
The potential for blood pooling following bedrest may be so great, that even when the
pftna volume vas restored during bedrest (Group 2), blood still pooled in the lower
extremities, producing a vasoconstrictor response and impairing heat loss. Thus even
an expansion of plasma volume following bedrest may not improve exercise tolerance,
but may simply lead to greater blood pooling, and in extreme cases, may produce lower
body edema.
—CONCLUSIONS

Bedrest in healthy young women resulted in impairment of thermoregulatory res-
ponses both at rest and during exercise in a warm enviromment. The higher body
temperature following bedrest may have been due to effects caused by deconditioning
or tc; effects caused by the hypovolemia which normally accompanies bedrest. In this
study the swe;ting responses were not significantly altered following bedrest. It is
most likely that the higher body temperatures were csused by & cutaneous vasocon-
strictor response vhich functioned to oppose blood pooling in the lower extremities.
Restoring blood volume to pre-bedrested values was ineffective in reversing the
impairment of thermoregulatory respomnses.
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Table 1: Physical Characteristics of the Subjects

E 1l Group 2
(n=12) (n=7)
* sp 8.0 9.8

Mean age (yrs) 27 26

t s 6 4
Pre-Bedrest v°2max 37.5 37.2
(m1/kg/min) 5.7 77

t sp
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Table 2: Iotal Body Sweat ILosses During Exercige
Rre-Bedrest Pogt-Bedrest Pre-Bedrest Post-Bedrest

Change of body wt. 512 *436 486 409

* s.E. 20 19 33 47

(g)
Minutes of exercise 30 * 2] 30 * 16

¥ s.E. 0 2 0 2

(min)

Total Sweat Rate 17.31 * 22.19 16.19 * 26,84
¥ s.E. 2.56 4.59 2.73 5.00
(g/min)

Increase in Tes 0.62 * 0,78 0.89 0.83

* s.E. : 0.06 0.07 0.16 0.09
(°c)

* Post-Bedrest value significantly different from Pre-Bedrest value
(P<0.05). Paired t/test comparison.
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